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resumo 
 
 
O trabalho apresentado neste manuscrito foi desenvolvido no âmbito do 
programa doutoral intitulado “Deposição de Camadas Atómicas (ALD) de óxido 
de metais por sol-gel não-aquoso”. O objectivo deste trabalho foi a preparação 
de hetero-estruturas funcionais por ALD e a sua caracterização. Foi 
desenvolvido um novo processo de deposição de óxido de estanho a 
temperatura baixa-moderada, utilizando um método ALD não-aquoso, o qual 
foi aplicado com sucesso ao revestimento controlado das paredes internas e 
externas de nanotubos de carbono. Uma vez que a preparação de 
nanomateriais funcionais requer uma elevada exatidão do processo de 
deposição, foi demonstrada a deposição precisa de filmes que se adaptem à 
forma do substrato ou de filmes nano-estruturados constituídos por partículas 
em vários substratos. Além disso, foram depositados com grande exatidão 
vários óxidos de metal em nanotubos de carbono e demonstrou-se a 
possibilidade de ajustar o revestimento feito por ALD através do controlo da 
funcionalização da superfície do substrato nano-estruturado de carbono. As 
hetero-estruturas obtidas foram posteriormente aplicadas como sensores de 
gases. O melhoramento verificado na sensibilidade foi atribuído à formação de 
heterojunções p-n entre o filme de óxido de metais e o suporte. O trabalho 
desenvolvido tendo como objetivo o controlo do revestimento por ALD através 
da funcionalização da superfície do suporte é certamente de interesse para o 
design de hetero-estruturas funcionais baseadas em substratos de carbono. 
De facto, durante o último período do programa de doutoramento, este 
conceito foi alargado à funcionalização e revestimento com óxidos de metal de 
fibras de carbono preparadas por “electrospinning”, de forma a melhorar a 
estabilidade e a atividade eletrocatalítica de catalisadores à base de Pt. 
Este trabalho foi realizado maioritariamente na Universidade de Aveiro mas 
também na Universidade Nacional de Seul e beneficiou de várias colaborações 
internacionais devido à natureza multidisciplinar da área de investigação em 
que está inserido. 
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abstract 
 
The studies discussed in this manuscript have been carried out under the PhD 
program entitled “Atomic Layer Deposition of metal oxide by non-aqueous sol-
gel chemistry”. The aim of this work was the elaboration by ALD and 
characterization of functional heterostructures. A novel low-mild temperature tin 
dioxide deposition process has been developed using a non-aqueous ALD 
approach and successfully applied to the conformal and controlled coating of 
the inner and outer walls of carbon nanotubes. Because a high deposition 
accuracy is required for the elaboration of functional nanomaterials, the precise 
deposition of conformal or nanostructured films made of particles onto various 
substrates was demonstrated. Moreover, various metal oxides have been 
deposited onto carbon nanotubes in an accurate manner and we have 
demonstrated the capability to tailor the ALD coating by controlled surface 
functionalization of the nanostructured carbon-based substrate. The 
heterostructures obtained were subsequently applied to gas sensing. The 
improvement of the sensitivity recorded was attributed to the formation of a p-n 
heterojunction between the metal oxide thin film and its support. The work 
aimed to control the ALD coating through the surface functionalization is 
certainly of interest for designing functional heterostructures based on carbon-
based substrates. As a matter of fact, during the last period of the PhD 
program, this concept was extended to the metal oxide functionalization and 
coating of electrospun carbon fibers for the enhancement of Pt-based 
electrocatalyst activity and stability.  
This work was mainly carried out at the University of Aveiro, but also at the 
Seoul National University, and benefits of several international collaborations 
due to the multidisciplinar nature of the research field. 
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Introduction 
 
 
One of the challenges in the elaboration of functional nanomaterials is to combine one material that 
provides ideal support properties such as high surface area, good chemical and mechanical 
stability, with the desired properties of a second material. This requires a synthesis approach that is 
capable of controlling the decoration or deposition on a support at atomic scale whilst preserving 
the supports characteristic properties. Thin film technology finds an important place in the 
synthesis of such heterostructures. It consists on the elaboration of a material layer with a thickness 
ranging from few angstroms, to several micrometers. Various techniques can be used for this 
purpose and can be divided in chemical and physical deposition techniques.   
Chemical deposition techniques involve the chemical reaction of a precursor on the substrate 
surface leading to the film formation, with the following being the most commonly employed. 
 Chemical solution techniques, such as the sol-gel routes 
 Metal-Organic Chemical Vapor Deposition (MOCVD) 
 Plasma Enhanced CVD 
 Atomic Layer Deposition (ALD) 
 Electrochemical methods 
Physical vapor deposition techniques involve the condensation of a vaporized form of the desired 
film material rather than a chemical reaction at the surface to be coated.  
 Thermal evaporation, in particular the molecular beam epitaxy 
 Sputtering 
 Pulsed laser deposition  
 Cathodic arc deposition 
Amongst all the deposition processes, atomic layer deposition
1, 2
 appears to be one of the most 
promising techniques due to its simplicity, reproducibility and the high conformality of the 
obtained films. High aspect ratio structures, nanoparticles, nanowires, nanotubes, soft materials, 
biological materials can be precisely coated by ALD.
1-4
 The obtained heterostructures have a large 
range of applications, in catalysis, microelectronics, energy storage and conversion, sensing, etc.
1-4
  
The aim of the study presented in this manuscript is the elaboration and characterization of 
functional heterostructured materials. The obtained structures were subsequently applied to gas 
Introduction   
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sensing and catalysis. During this PhD, we focused on the deposition of metal oxide due to their 
important interest for energy and environmental applications. Using a non-aqueous approach 
previously developed in our group, titanium- and tin-oxide were deposited onto various substrates, 
e.g. silicon wafer, carbon nanotubes/nanofibers, boron nitride nanotubes and silica opals. An 
important part of the work focused on the coating of carbon nanotubes (CNTs) with metal oxides, 
such as TiO2, SnO2 or ZnO. The study of the influence of the CNTs surface functionalization 
toward the coating morphology was carried out. The obtained MOx@CNTs were investigated as 
gas sensors. Finally, preliminary experiments on the modification of the electrocatalytic activity 
and stability of platinum nanoparticles supported onto carbon fibers by metal oxide ALD coating 
are reported. In order to control the morphology of the ALD film, the density and nature of surface 
functional groups of the support was modified by thermal and chemical treatments.  
 
The manuscript is organized as follows: 
The first chapter consists of an introduction of the ALD technique and its use for the elaboration of 
heterostructures. The main principles are presented as well as the chemistry involved for the 
deposition of metal oxides. The state of the art on the fabrication of nanostructures and especially 
the coating of carbon nanotubes is also described. Finally, the interest of ALD for nanostructured 
materials fabrication targeting gas sensing and catalysis applications is highlighted. The next four 
chapters present and discuss the results obtained during the PhD work. Chapter II deals with the 
development of a novel low- to mid- temperature tin dioxide deposition process. Subsequently, the 
robustness of our ALD approach is highlighted in chapter III, in which silica opals, elaborated by 
Langmuir-Blodgett, were infiltrated with titanium dioxide in a controlled manner by steps of 1.2 
nm. The good agreement between the experimental results and the theory demonstrates the 
accuracy and high reproducibility of our process. Based on the versatility and accuracy of the ALD 
process used, chapters IV and V are devoted to the coating of carbon nanotubes by non-aqueous 
ALD processes and their application as gas sensors, respectively. In chapter IV, we demonstrate the 
capability of ALD to monitor the surface defects and to tailor the morphology of the metal oxide 
coating by surface engineering of the support. In chapter V, the gas sensing mechanism is 
discussed as well as the influence of the thickness and morphology of the active layer and type of 
the CNTs used. Finally, after concluding, a perspective work is presented, introducing some 
preliminary findings on the functionalization and controlled coating of electrospun carbon fibers 
and their application in electrocatalysis. 
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This PhD thesis deals with the deposition of metal oxides by Atomic Layer Deposition (ALD) and 
the elaboration of functional nanostructures, applied to gas sensing and catalysis. In the first part of 
the introduction, the definition of the ALD technique and some general concepts concerning the 
film growth will be presented. Subsequently, the reaction mechanism involved in the metal oxide 
formation will be introduced. Briefly, the formation of a metal oxide thin film involves the reaction 
between a metal precursor (e.g. metal halide, metal alkoxide, etc.) and an oxygen source.
1
 While 
water is the most common oxygen source, oxygen (i.e. O2 molecular, radical or plasma), ozone or 
oxygen peroxide are also used. Under hydrolytic conditions, the formation of M-O-M bonds (oxo-
metal bonds) is separated into the two successive reactions: (i) a hydrolysis step during the water 
pulse forming -OH groups and oxo-metal bonds, and (ii) a condensation step in which the resulting 
hydroxyl groups react with the metal oxide precursor supplied by the next pulse. Therefore, the 
metal oxide is obtained through hydrolysis and condensation steps as in traditional solution sol-gel 
(SG) process. More details and comparison with the SG in solution will be presented in the section 
II. 
In the section III and IV, the elaboration of heterostructures, specially the coating/decoration of 
carbon nanotubes (CNTs) and the application of ALD nanostructures to gas sensing and catalysis 
will be discussed. Indeed, ALD can be used for the deposition of thin films onto various supports.
1-
3
 Especially, in view of the development of new functional nanostructures, where desired properties 
of one material acting as a support are combined with complementary and desired properties of a 
second material, ALD is a highly suitable technique. It allows the coating of flat surfaces and 
complex structures in a conformal and homogeneous manner with a precise control of the thickness 
of the deposited film in the range of a few angstroms.
4
 These characteristics, combined with the 
versatility in terms of materials that can be deposited, make ALD a technique of choice for the 
fabrications of complex heterostructures for energy and environmental applications for instance. 
The last section will briefly describe the different ALD tools used during the work presented in this 
dissertation. 
 
 
I. Atomic layer deposition: general concepts 
 
Atomic layer deposition was originally known as Atomic Layer Epitaxy (ALE). The group of 
Aleskovskii developed in 1960s
1
 a technique named molecular layering which is based on the 
chemical reactions of precursors with functional surface groups of a support in order to build thin 
films by repeated sequences.
5
 In 1970s, Suntola et al. elaborated a thin film deposition technique, 
i.e. the ALE, to fabricate electro-luminescent flat panel displays.
6
 Interest for this method starts to 
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expand in the mid-1990s, related to the manufacturing of microelectronic devices.
3, 7
 Its take off 
occurred in the 2000s, motivated by the need of accurate coating of high-aspect ratio materials. A 
modified process, the molecular layer deposition, was also developed to deposit organic and hybrid 
polymers.
8, 9
  
Atomic layer deposition is a unique technique for the deposition of conformal and homogeneous 
thin films. Due to its simplicity, reproducibility and the high conformality of the as-deposited films, 
it appears to be a promising deposition technique.
2-4
 It is based on a reaction between precursor 
materials, which are separated into successive surface reactions. In this manner, the reactants are 
kept separated and react with surface species in a self-limiting process, i.e. without the presence of 
a gas phase reaction. Each surface reaction is separated by a purge step to remove the unreacted 
precursor and the by-product. The sequence of self-limited reactions and purges constitute a cycle 
(Figure I.1). The growth per cycle (GPC) is defined as the thickness of the film deposited in one 
full cycle. Due to the self-limited reactions in ALD, the thickness of the as-deposited film is simply 
controlled by the number of cycles.
1
 
 
Figure I.1. Schematic of an ALD cycle. Step 1: pulse of the reactant A leading to its absorption on 
the surface. Step 2: purge of the unreacted precursor A and of the by-products. Step 3: pulse of the 
reactant B, which reacts with the surface species created by precursor A. Step 4: purge of the 
unreacted precursor B and of the by-products. Taken from Ref.
1
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I.1. ALD precursors 
ALD processes exist for a large variety of material classes, such as metals, oxides, nitrides, sulfides 
and phosphates. The chemistry taking place in ALD is rather rich as well. The detailed treatment of 
the self-limited surface chemical reactions involved in the metal oxide thin film deposition will be 
detailed in the following section and the readers can refer to recent reviews on the subject, 
especially concerning the deposition of other materials.
1, 2, 7, 10-14
 
The precursors can be classified into three classes, i.e. inorganic precursors, organometallic 
compounds and non-metal precursors.
13
 They can be gaseous, liquid or solid; however some 
general requirements have to be fulfilled. Indeed, the ALD precursors must have a sufficient 
volatility and a good thermal stability over the deposition temperature range. No thermal 
decomposition should occur. The reactant should not react with itself but must adsorb or react with 
the surface species and have a sufficient reactivity towards the counter precursor to ensure a 
reasonable deposition rate. Etching of the surface and of the growing film by the incoming reactant 
is unwanted.
13, 15, 16
 Finally, a non-toxicity, good availability and low cost are also sought after.
13, 16
 
The inorganic precursors are most commonly metal halides, especially metal chlorides, oxygen-
coordinated compounds, such as metal alkoxide and β-diketonates, and nitrogen-coordinated 
compounds. Organometallic compounds are widely used and can be divided into two categories: 
the metal alkyls and the cyclopentadienyl-compounds. Finally reducing agents like hydrogen, 
oxygen sources, such as water, hydrogen peroxide, oxygen, ozone, alcohols and carboxylic acids, 
and nitrogen sources (i.e. NH3, N2H4 and amine) represent the principal non-metal precursors used 
in ALD.
1, 13, 15
 A recent book chapter
13
 reviews in detail the various precursors used for ALD 
processes. 
In this PhD work, we focused on the deposition of metal oxides by reacting metal alkoxides with 
carboxylic acids, i.e. acetic acid. 
 
I.2. Influence of the parameters on the growth per cycle: the ALD window 
ALD is defined by a self-limiting growth process based on gas-surface reactions. Adsorption 
phenomena, especially the chemisorption, are therefore involved in the film formation. One of the 
parameters influencing the GPC is the partial pressure or amount of the precursor reacting on the 
surface. Indeed, it should be in a sufficient quantity to form a full monolayer and the following 
purge long enough to remove all the by-products and unreacted precursor in order to avoid 
unwanted gas phase reactions. Nevertheless, reactant excess does not affect the growth due to its 
inertia toward itself. Depending on the surface reactivity, a reaction time can be needed.
1
 
A determining parameter of the growth rate is the deposition temperature. Figure I.2 represents its 
influence on the GPC. The so-called “ALD-window” is the temperature range where the thin film 
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formation occurs under self-limiting conditions. It consists on the temperature range to obtain a 
true steady ALD regime. Outside this temperature range, the growth is limited by various factors 
such as an insufficient reactivity and physisorption in case of temperatures lower than the ALD 
window and a diminution of the number of surface active sites, desorption phenomena or precursor 
decomposition for higher temperatures.
1, 16
 
 
Figure I.2. Scheme of the ALD window. Influence of the deposition temperature on the growth per 
cycle. 
 
Other factors can affect the growth like the steric hindrance of the precursor ligands, which can 
block the access to active surface sites. In this case, less than one monolayer is generally formed.
1, 
14
 
 
I.3. The growth modes 
At the beginning of the growth, the relationship between the number of cycles and the GPC (Figure 
I.3a) can be categorized into three groups i.e. a linear, a surface-enhanced and a surface-inhibited 
growth.
1, 17
 Actually, the linear relationship is a sign of a steady regime and therefore to a perfect 
ALD growth. If the GPC is higher during the first cycles, a surface-enhanced growth occurs due to 
a higher amount of anchoring sites on the substrate than on the deposited layer before to reach a 
steady regime. Moreover, a precursor solubility into the support and the equilibrium between the 
precursor desorption and the ligand exchange reaction takes place, which can be modified by the 
nature of the substrate, lead in some cases to a substrate-enhanced growth. If the number of surface 
reactive sites is lower on the substrate, at the first cycles a lower increase of the film thickness is 
observed, leading to a surface-inhibited growth.  
Moreover, the deposition can occur in three different ways as shown in Figure I.3b.
1
 The 2D 
growth consists on the completion of a monolayer prior the formation of a second one. It is the 
mode mostly sought after. The island growth consists on the deposition of the new material on the 
  Chapter I. Introductive part 
11 
top of the previously deposited one. This mode is often due to an insufficient number of anchoring 
sites, but can be in some cases intrinsic to the mechanism involved in the material formation. 
Depending on the film thickness, intermediate cases can be observed, the growth mode may be first 
island growth, and once the islands have coalesced to form a continuous layer a 2D growth may 
occur. Finally an unusual random growth, that is statistical deposition, was also reported.
18-20
  
 
Figure I.3. a) Film thickness as a function of the number of cycles, taken from Ref.
17
 b) Scheme of 
the 3 different modes of growth, i) 2 dimensional growth, ii) island growth and iii) random growth, 
taken from Ref.
1
 
 
I.4. Advantages and limitations 
The main ALD features, i.e. the self-limiting growth, the separated gas-surface reactions and the 
presence of an often wide ALD window, lead to the following advantages: An accurate control of 
the film thickness is achieved by the simple control of the number of cycles. The reactant flux does 
not need to be fully homogeneous to obtain a good conformality and large area uniformity of the 
as-deposited layer, allowing a good reproducibility, an easy scale up and no specific requirement 
for the reactor design. Dense, pinhole free and good quality films can be elaborated, with an atomic 
level control of the material composition. Doping, sharp interface, interface modification and 
multilayer and multi-compounds materials are also achievable. Moreover, no gas phase reaction 
occurs, allowing the use of highly reactive precursor and a sufficient time can be provided to reach 
the completion of each step. Nevertheless, the precursor has to be sufficiently stable over the time. 
Finally low deposition temperature processes are possible.
7, 16, 21
 
On the other hand, some limitations have also to be highlighted. The industrial scale up of the 
process is an important challenge faced nowadays by the ALD. Indeed, one of its features is that it 
is a slow process and often homogeneous coating of significant amount of nanomaterials is difficult 
to be obtained. As a matter of fact, just few milligrams of nanostructured materials can be generally 
processed in typical laboratory equipments. Nevertheless, the ALD community is already actively 
studying the possibility of scaling up and/or accelerating the processes. For example, the use of 
fluidized bed reactors
22-25
 in ALD or the design of novel reactors such as rotary reactors
26-28
 already 
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showed the ability to process multigram quantities of nanoparticles and nanotubes without 
impacting the self-limited surface reactions. Moreover, batch processing,
29
 inline atmospheric 
pressure ALD
30, 31
 and roll-to-roll reactors
32, 33
 have been developed allowing faster processes for 
industrial applications.
34
 Another challenge in ALD is related to the chemistry and the requirements 
that ALD reactions impose, implying that ALD processes for some materials are difficult or might 
be even impossible to be developped. This was set by M. Leskelä as one of the most important 
challenges for ALD.
35
 Furthermore, although various approaches have been recently reported,
36, 37
 
it is still challenging to control the deposition of multimetals and doped oxides because of the 
complex dosing and reactivity of different metal precursors. 
 
 
II. Sol-gel chemistry applied to ALD 
 
II.1. Aqueous and non-aqueous sol-gel in solution 
As the name suggests, sol-gel is a process in which an inorganic network is formed from a 
homogeneous solution of precursors through the formation of a sol (colloidal suspension) and then 
of a gel (crosslinked solid network surrounding a continuous liquid phase) by inorganic 
polymerization.
38, 39
 Basically, the principle of a sol-gel reaction is the formation of an inorganic 
polymer by hydrolysis and condensation reactions generally induced by water, with or without the 
presence of an acid/base; the precursor being either a metal salt or a metal organic compound. 
Metal alkoxides are the most convenient precursors used, reacting readily with water and known 
for almost all metals.
40
 The characteristics, structure, and properties of a sol-gel inorganic network, 
depend on the factors that affect the rate of hydrolysis and condensation reactions, for example, pH, 
temperature and time of reaction, reagent concentrations, nature of the solvent, catalyst, aging 
temperature and time, and drying.
38, 39
  
Because of its mild conditions, sol-gel chemistry offers a versatile access to new hybrid organic-
inorganic materials.
41-44
 Furthermore, a series of related processes using the sol-gel chemistry, have 
also been developed. For example, by a careful control of sol preparation and processing, colloids 
or monodispersed nanoparticles of various oxides and organic-inorganic hybrids can be 
synthesized.
45, 46
 Another intriguing approach is the “surface sol-gel process” which is, basically, an 
ALD process in solution. In this technique, an ultrathin film of metal oxide,
47-53
 phosphate
54, 55
 or 
organic-inorganic hybrid
56
 is grown, layer by layer, by successive dip coatings of a substrate into 
the reactant solutions, each step being separated by a rinse in order to purge the surface off of 
unreacted precursors.
50
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While the sol-gel approach is extremely successful in the case of silica, it was found to be less 
attractive for the synthesis of transition metal oxides, as transition metal oxide precursors are 
generally much more reactive towards water preventing an accurate control over the growth of 
metal oxides.
40, 57
 Therefore the use of organic additives such as, functional alcohols, carboxylic 
acids or β-diketones for example, which modify the precursor and thereby its reactivity, was 
thoroughly studied.
40, 57
 An alternative approach is to contain the hydrolysis of the metal oxide 
precursors by controlling the local concentration of water by chemical or physical processes, like 
by in situ water generation or slow dissolution of water from the gas-phase in the solvent.
58-61
  
Finally, another approach to gain a better control over the formation of inorganic network is to 
completely avoid the use of water. The sol gel chemistry under non aqueous conditions is known as 
non-aqueous or non-hydrolytic sol-gel (NHSG). 
 
During the last decades, the use of non-aqueous conditions has proven to be an elegant approach, 
eliminating the main drawbacks of aqueous sol-gel chemistry and offering advantages such as a 
high reproducibility and a better control of the composition and homogeneity of multi-component 
oxides.
62-66
 Following this approach, a large variety of metal oxide gels were synthesized and 
reported as well as organic-inorganic hybrids.
62, 64, 66
 In the NHSG chemistry, the M-O-M bonds are 
formed without a hydrolysis step, the oxygen being provided by other molecular species such as, 
the solvent (alcohol, ether, ketone) or by the metal precursor itself (alkoxide, acetate, 
acetylacetonate).
64, 66-69
 It is interesting to note that, besides the number of possible precursor and/or 
solvent combinations, there are few different reaction pathways responsible for the metal-oxygen-
metal bond formation. For instance, the formation of the metal oxide network can involve only a 
condensation step, occurring between ligands coordinated to two different metal centers under the 
elimination of organic molecules. It is possible to summarize most of these condensation reactions 
in only three distinct mechanisms: alkyl halide, ether, or ester eliminations.
62, 64, 65, 70
 It is important 
to notice that in the case of these direct condensation reactions no intermediate formation of an OH 
group is involved. When the NHSG approaches engage the reaction between a metal precursor and 
an organic solvent, the different reaction mechanisms possible are: a ligand exchange followed by 
one of the condensation reactions mentioned above, a hydroxylation reaction of the metal complex 
leading to the formation of a hydroxyl group (non-hydrolytic hydroxylation reactions
66
) which 
further reacts with a metal precursor or another hydroxyl group, and finally more complex 
mechanisms such as, Guerbet-like reactions or aldol condensations.
62, 64, 65, 68, 70
 
NHSG processes were extensively applied to the synthesis of oxide nanoparticles because the as-
synthesized oxides are generally characterized by a high crystallinity and allow the control of the 
crystal growth without the use of any additional ligands.
62-65
 Furthermore, as mentioned before, an 
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advantage of non-hydrolytic sol-gel processes, especially in comparison to aqueous systems, is the 
accessibility of multi-metal oxide and doping. Indeed, the reactivity of metal oxide precursors is 
often significantly reduced under water exclusion, making it easier to match the reactivity of 
different metal precursors to obtain single-phase multi-component oxides.
62, 64, 65
  
 
II.2. Sol-gel and ALD: an overview 
ALD of metal oxides involves the reaction of a metal oxide precursor with an oxygen source. 
Water is the most commonly used oxygen precursor; the formation of M-O-M bonds (oxo-metal 
bonds) being separated into the two successive reactions: (i) a hydrolysis step during the water 
pulse forming -OH groups and oxo-metal bonds, and (ii) a condensation step in which the resulting 
hydroxyl groups react with the metal oxide precursors supplied by a new pulse. The formation of 
the oxide is therefore obtained through hydrolysis and condensation steps as in traditional solution-
based sol-gel processes. Recently, inspired by the success of non-aqueous sol-gel, similar non-
aqueous conditions were developed for ALD. The evolution and strategies developed for the 
deposition of metal oxide thin films by ALD show similarities with the development of the sol-gel 
approach. Both techniques use common precursors such as metal halides, alkoxides, and 
diketonates and modifications of precursors were also pursued in ALD to enhance their efficiency 
by tuning their reactivity/stability/volatility.
15, 71
 The ALD reactions can be divided into two 
approaches depending on whether a hydrolytic step is involved or not. First, we will focus on the 
hydrolytic route; the reaction mechanism involving water or hydrogen peroxide as oxygen sources 
will be presented, classified according to the various possible reagents. In a second part, an 
overview of the reaction taking place under non-aqueous conditions will be given. 
 
II.2.1. Metal oxide formation via hydrolytic routes 
The hydrolytic sol-gel route involves the formation of hydroxyl intermediate species. The oxygen 
source used is in general water but hydrogen peroxide is also common while, metal halides, metal 
alkoxides, and organometallic compounds can be employed as metal sources. Depending on the 
metal precursor, different reactions are responsible for the metal oxide formation. In the following, 
for each precursor family mentioned, the general mechanism observed will be illustrated through a 
non-exhaustive overview of in situ studied depositions. 
 
II.2.1.1. Reaction with metal halides 
Metal halides have been used in ALD as precursor for the deposition of many oxides.
1
 An early in 
situ study of this reaction dealt with the deposition of titania, from titanium chloride and water, 
investigated by FTIR spectroscopy. A ligand exchange during both precursor pulses was 
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observed.
72
 Later on, this reaction was examined by in situ QMS and QCM while using D2O. 
During both the TiCl4 and D2O pulses, DCl is released, confirming the results of the previously 
published study, i.e. the formation of the metal oxide occurs via –OH to –OTiClx and –Cl to –OH 
surface exchanges.
73
 Moreover, the authors observed a decrease of the amount of DCl released 
while increasing the temperature. It has been proposed that this phenomenon is caused by a 
dehydroxylation of the surface at high temperatures, which reduced the number of active sites, by 
molecular adsorption of TiCl4 and/or readsorption of DCl.
73
 Rahtu et al.
74
 investigated the 
mechanism of ZrO2 deposition from ZrCl4 and H2O by in situ QCM and QMS. They observed an 
identical reaction mechanism as for titania. However, they quantified that, at high temperatures, 
only one HCl was released during the metal precursor pulse to form a Zr-O bond and three during 
the water pulse while, at moderate temperatures (300-325 °C), two equivalents of HCl were 
released during each half-sequence.
74
 A similar behavior was observed for HfO2 deposition with 
hafnium halide precursors.
74
 Another example of a reaction with a metal halide is the deposition of 
SnO2 using SnCl4 and either H2O or H2O2. The reaction with hydrogen peroxide should be 
thermodynamically more favorable than the one with water as shown by the calculated enthalpies 
of the overall reactions (-34.6 kcal/mol and 4.5 kcal/mol in the cases of H2O2 and water, 
respectively),
75
 and effectively, a decrease of the deposition temperature and an increase of the 
growth per cycle by changing the oxygen source from water to hydrogen peroxide, was 
demonstrated.
75
 
Generally, the reaction pathway observed consists of the hydrolysis of the surface by the oxygen 
source with formation of hydrogen halide as by-product (eq.1). The resulting OH terminated 
surface reacts then with the incoming metal halides to form M-O-M bonds under elimination of 
hydrogen halide (eq.2).
76
 
OMXx + xH2O  OM(OH)x + xHX    (1) 
OH + MXx  OMXx-1 + HX     (2) 
 
II.2.1.2. Reaction with metal alkoxide 
In solution, one of the most widely used sol-gel approaches to form metal oxide is the reaction 
between metal alkoxide and water which releases the corresponding alcohol as by-product. In 
ALD, the related reaction can be represented by the two following half-equations (eq.3, 4): 
OM(OR)x + xH2O  OM(OH)x + xROH    (3) 
OH + M(OR)x  OM(OR)x-1 + ROH     (4) 
Various metal oxide depositions via this approach have been investigated. For example, tantalum 
oxide deposition from Ta(OC2H5)5 and water was studied by in situ QCM. The two possible 
mechanisms considered were either a growth via a molecular adsorption of the metal precursor or 
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via the formation of intermediate hydroxyl species by exchange reactions. The mass gain and 
surface mass exchange ratio, determined by QCM monitoring, pointed out an exchange reaction 
process as main reaction path.
77
 Aarik et al.
78
 studied the reaction mechanism of the titanium 
ethoxide/water process, as well as titanium isopropoxide/water and titanium isopropoxide/H2O2 
processes,
79
 by in situ QCM. For all the precursor combinations tested, the surface species changed 
from isopropoxide or ethoxide to hydroxyl species during the oxygen precursor pulses. However, 
the GPC appeared to be much lower with titanium ethoxide than with the isopropoxide. In fact, the 
authors observed that during the ethoxide precursor pulse, less than one ligand is released, the 
remaining ethanol being liberated during the water pulse. The resulting steric hindrance of the 
absorbed metal precursor was made responsible for the low GPC found.
78
 A similar behavior was 
also observed for other metal ethoxides such as Ta or Nb.
78
 Comparing the titanium 
isopropoxide/water and titanium isopropoxide/hydrogen peroxide processes, it appeared that a 
higher GPC has been obtained at low temperatures using H2O2 as a result of its greater ability to 
eliminate alkoxide ligands. At higher temperatures, the growth rate was independent of the oxygen 
precursor. 
Basically, the main reaction pathway observed during depositions from metal alkoxide and water or 
hydrogen peroxide, consists of hydrolysis of the alkoxide surface species leading to a –OH 
terminated surface by the release of alcohol. The hydroxyl groups then react with the metal 
alkoxide from the gas phase to form the M-O-M bond under elimination of the corresponding 
alcohol. Moreover, phenomena of dehydroxylation of the surface at high temperatures can occur. 
Due to the decrease of OH surface groups, generally only one ligand is released during the metal 
pulse.
78, 80
  
 
II.2.1.3. Reaction with organometallic compounds 
Trimethyl aluminium (TMA) is probably the organometallic compound most widely employed in 
ALD, and its use with water for alumina deposition has been intensively studied.
1
 The two half 
sequences of this process are exchange reactions releasing methane as by-product (eq.5, 6), as 
confirmed by in situ FTIR, QCM and QMS experiments.
1, 81, 82
 In situ QCM studies were realized 
to investigate this reaction;
82
 the mass gain per cycle provides information about the surface 
coverage. 
OAl(CH3)x + xH2O  OAl(OH)x + xCH4   (5) 
OH + Al(CH3)3  OAl(CH3)2 + CH4    (6) 
Furthermore, it has been proposed that dissociation reactions occur during both water and TMA 
pulses.
1
 Being thermodynamically favorable, the formation of Al2O3 from TMA and H2O can be 
achieved at temperatures as low as 33 °C, even though in this case the GPC is low, because of the 
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slow surface reaction kinetic.
83
 A decrease of the GPC was also observed at high temperatures due 
to the diminution of the hydroxyl group concentration on the surface caused by dehydroxylation
81
 
leading to the diminution of the number of functional groups on the surface.
84
 Beside alumina, zinc 
and indium oxides have also been deposited from a metal alkyl/water process (diethylzinc 
85
 and 
trimethylindium,
86
 respectively). The reaction mechanisms found for these two processes were 
similar to the one involving TMA. However, in the case of In2O3 deposition, rough oxide films 
with a low GPC have been obtained resulting probably from low hydroxyl coverage of the 
surface.
86
 Other organometallic precursors than metal alkyl were also used such as 
cyclopentadienyl-based metal compounds. As an example, Niinisto et al. have investigated the 
ALD deposition of ZrO2 from Cp2Zr(CH3)2 and H2O by in situ QMS.
87
 The by-products released 
during both pulses, were mostly methane and cyclopentadiene. Due to its higher reactivity, it 
appeared that the methyl ligand reacted first on the hydroxylated surface. The remained 
cyclopentadienyl groups cause a steric hindrance and lower the GPC.
87
 
In conclusion, the main reaction pathway observed during metal oxide deposition from 
organometallic compounds and water is a ligand exchange reaction producing the corresponding 
ligand-H organic molecules as by-products. 
 
II.2.2. Metal oxide deposition under non-aqueous conditions 
During the last decade, non-aqueous conditions were attempted to be adapted to ALD.
11, 88
 Various 
approaches were studied, including the use of alkoxides, alcohols or carboxylic acids as oxygen 
sources. In the following part, the elucidated or proposed reaction mechanisms under non-aqueous 
conditions will be grouped and discussed in view of the three main condensation mechanisms 
discussed previously in the non-hydrolytic sol-gel introduction, i.e. the halide, ether, and ester 
condensations. Some other approaches such as the depositions involving the use of organometallic 
compounds will be introduced, as well. 
 
II.2.2.1 Alkyl halide elimination 
In solution, the alkyl halide elimination corresponds to the condensation between metal chlorides 
and metal alkoxides (eq.7) or alcohols and is probably the most studied pathway.
62, 64, 66
 
≡M-X + ≡M-OR→ ≡M-O-M≡ + RX     (7) 
In ALD, the first example of NHSG process and first mechanistic study found in the literature is 
attributable to Brei et al.
89
 In 1993, they proved that titanium silicate growth from TiCl4 and 
Si(OEt)4 takes place via an alkyl halide elimination condensation mechanism by monitoring the 
growth by IR and analyzing the by-products of the reaction by mass spectrometry. Later on, Rahtu 
et al.
90
 studied the reaction mechanism for the deposition of ZrxTiyOz from ZrCl4 and Ti(O
i
Pr)4. 
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They also found out that the principal reaction responsible for the metal oxide formation is an alkyl 
halide elimination. However, in their study the deposition temperature was slightly too high (300 
°C) to safely exclude thermal decomposition of Ti(O
i
Pr)4. Ritala et al.
88
 showed that this approach 
can be applied for the deposition of various metal oxide and silicate thin films. Up to now, Al2O3,
88
 
Ta2O5,
88
 Hf, Ti and Zr aluminate,
88
 TixHfyOz,
88
 TixZryOz;
88, 90
 and Hf,
91
 Zr
88, 92
 and Ti
89, 93
 silicates, 
were deposited from their corresponding metal alkoxides and halides. From these examples, it 
appears that the elevated deposition temperatures (300-500 °C) are higher than the temperatures 
required to form metal oxides in solution. 
The approaches using a metal halide with an alcohol or an ether are expected, in solution, to 
proceed via an alkyl halide elimination condensation. Indeed, an alcoholysis/etherolysis takes place 
forming an alkoxy group on the metal center which can, further on, condensate with a halide ligand 
as in eq.7. However, the formation of hydroxyl groups is a competitive pathway especially if 
electron donor substituent groups are present in the alkyl radical of the alcohol (e.g tertiary and 
benzylic alcohols).
66
 This approach was firstly applied in ALD at the beginning of the ‘90s for the 
formation of alumina from AlCl3 and different alcohols.
94, 95
 More recently, Evans et al.
96
 showed 
that titania can be grown from TiCl4 and tert-butyl alcohol or diisopropyl ether. Even though they 
did not discuss it, the idea behind these experiments arises directly from similar reactions 
performed in solution. In fact, the use of tert-butyl alcohol involves preferentially the formation of 
hydroxyl groups while the use of the di-isopropyl ether can only lead to the formation of alkoxy 
groups.
97
 However, the authors concluded that their approaches do not bring clear advantages over 
traditional water-assisted depositions.
96
 
 
II.2.2.2. Ether elimination 
Another non-aqueous condensation step, in solution, is the ether elimination (eq.8). For example, 
the direct condensation of alkoxides was found to proceed via an ether elimination for multivalent 
early transition metals and leads to oxoclusters.
98
 Mixed metal oxides can also be directly produced 
if a basic alkoxide is used.
99
 
≡M-OR + ≡M-OR’ → ≡M-O-M≡ + ROR’    (8) 
An equivalent approach that makes use of the same chemical principle consists on the reaction of a 
metal alkoxide with an alcohol. This route was extensively used in solution for the formation of 
metal oxides.
64, 65
 In ALD, the growth of metal oxides using only one metal alkoxide source was 
already tested.
88, 100
 Naturally, no deposition was observed to take place at temperatures below the 
thermal self-decomposition of the metal precursors. There are only few reports on the reaction of 
alkoxides and alcohols, and no mechanistic studies have been carried out.
94
 The deposition of 
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titania using Ti(O
i
Pr)4 and methanol or ethanol has been already tested.
101
 However, under similar 
experimental conditions, water leads to a growth per cycle larger than in the case of alcohols.  
 
II.2.2.3. Ester elimination 
The third possible route involves the condensation between metal carboxylates and alkoxides under 
the elimination of esters (eq.9).  
≡M-OR + ≡M-OOCR’ → ≡M-O-M≡ + R’COOR   (9) 
The mechanism of the ester elimination is similar to acid-catalyzed transesterification where the 
electropositive metal center acts as a Lewis acid by coordinating to the carbonyl oxygen atom.
102
 
This coordination decreases the electron density at the carbonyl carbon, allowing for nucleophilic 
attack of the oxygen of the alkoxide ligand. The transfer of the alkoxide ligand to the carbonyl 
carbon leading to the formation of the ester was demonstrated by labeling experiments on the 
oxygen of the alkoxy groups by Caruso et al.
102
 Metal oxides have also been prepared, in solution, 
by reacting metal alkoxides and carboxylic acids for the production of titania clusters and 
nanoparticles, for example.
59, 103
 In those cases, the metal precursor is hydrolyzed by water 
generated in situ by the reaction between the carboxylic acid and the alcohols resulting from ligand 
exchanges. However, a competitive mechanism in which a direct esterification takes place in the 
coordination sphere of the metal was also proposed but could not be verified in liquid phase.
103, 104
 
More recently, another approach based on the reaction between a metal acetate and an alcohol, was 
used for the formation of zinc oxide
105, 106
 and indium oxide.
107
 
One application of this NHSG route to ALD has been reported by our group.
100
 Indeed, it was 
demonstrated that the deposition of titania and hafnia from simple metal alkoxides and acetic acid 
reaches acceptable GPC at temperatures as low as 50 °C, and a self-limiting growth was observed 
through a large temperature range (e.g. the ALD window for TiO2 is 150-200 °C). The proposed 
reaction mechanism for this process, supported by GC-MS and kinetic studies, involved an ester 
elimination condensation. During the carboxylic acid pulse, the alkoxy ligands at the surface are 
replaced by carboxylate groups under the elimination of alcohol while during the metal alkoxide 
pulse, a reaction between the carboxylate surface species and the metal alkoxide occurs under the 
elimination of an ester. In this experiment no water was formed, therefore proving a direct 
condensation mechanism between alkoxide and acetate species. Later on, this process was also 
applied to the deposition of V2O4.
108
 During the PhD work presented in this manuscript, this 
approach was extended to the SnO2 ALD deposition (cf. Chapter 2).
109
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II.2.2.4 Other reactions 
Further non-aqueous routes can also be considered, like for example, the reaction of organometallic 
compounds with alcohols or metal alkoxides. In solution these routes have not been extensively 
studied, as organometallic compounds are generally very reactive and therefore would not permit 
the control of gel formation or particle growth. In ALD, however, their high reactivity might be an 
advantage and therefore depositions of alumina
88, 110
 and aluminosilicates
111
 were investigated. It 
was suggested for the TMA/aluminium triisopropoxide process, that the reaction involved the 
elimination of tert-butane.
88
 The ALD from TMA and isopropyl alcohol should proceed by a 
similar chemistry.
110
 Indeed, the reaction of a metal alkyl and an alcohol usually leads to the 
formation of alkoxy species by ligand exchange.
98
 Jeon et al.
110
 made a direct comparison of the 
alumina deposition using this combination of precursors or water as oxygen source. In contrast to 
the traditional approach, no oxide interface between the Si substrate and the metal oxide film was 
observed under non-aqueous conditions. Finally, inspired by NHSG, other reactions can be tested 
in ALD. For example, ketones and aldehydes were applied in solution for the synthesis of metal 
oxide nanoparticles.
64
 In particular, titania nanoparticles were synthesized in various ketones and 
aldehydes via an aldol condensation mechanism.
112
 Although a similar NHSG approach was not yet 
reported for ALD, preliminary tests for the deposition of titania from Ti(OiPr)4 and acetone show a 
GPC at 200 ºC slightly lower than in the case of water.
101
 So far no mechanistic studies were 
performed. 
 
II.2.3. Alternative reactions and remarks 
In this section an overview of some relevant reactions taking place in ALD was given. However, it 
is important to mention that there exist several alternative ALD processes that were not taken into 
account here, for example, the ones using strong oxidizing agents such as ozone or radical oxygen 
as oxygen sources. From the few mechanistic studies on these oxygen sources found in the 
literature, it seems that similar condensation reactions like those reported above are engaged. 
Indeed, depending on the metal precursor used and the flow rate, ozone leads to the formation of 
OH-terminated surfaces
113, 114
 or to the formation of carbonate and formate species in addition to 
the hydroxyl groups
115-118
 or alkoxide species.
119
 For example, according to Goldstein et al.,
115
 a 
large amount of formate surface species was formed by a reaction between trimethylaluminium and 
O3. Similar findings were established for reactions between titanium tetraisopropoxide and ozone 
or O2-plasma by Rai et al.
120
 These surface species are the active sites for the next precursor pulse 
reaction and so, the expected mechanisms are different to the ones from hydrolyzed surfaces.
36, 115, 
118, 119
 Unfortunately, the reactions responsible for the oxide growth from these species are still not 
clearly identified.
116, 117
 On the other hand, the reaction of ozone can produce water as a by-product 
  Chapter I. Introductive part 
21 
leading to a hydroxyl terminated surface.
121, 122
 Thus, in those cases, the following metal precursor 
half-reactions are similar to the ones of processes applying H2O or H2O2 sources.  
In the metal oxide ALD deposition from water or hydrogen peroxide, the main reaction pathway 
consists of the hydrolysis of surface species leading to OH surface group formation. The resulting 
OH-terminated surface then reacts with the incoming vapor phase metal precursor species to form 
the M-O-M bond. Therefore, in the hydrolytic ALD approaches, the mechanisms involved in the 
M-O-M bond formation are proven to be similar to the pathways present in solution, i.e. hydrolysis 
and condensation. Even though the number of mechanistic studies of NHSG conditions applied to 
ALD is still limited, it seems evident that, here again, similar reactions are accountable for the 
metal oxide formation in solution and in ALD. Nevertheless, depending on the temperature, the 
contribution of dehydroxylation phenomena of the surface and/or readsorption of by-product, as 
well as the metal precursor self-decomposition should be taken into account while analyzing 
reaction mechanisms. 
Concerning the metal oxide film formation by NHSG, the approaches did not, up to now, 
demonstrate significant advantages compared to water assisted processes. Although one of the 
foreseen advantages offered by this approach was the possibility to obtain sharp silicon-metal oxide 
interfaces in the case of metal oxides grown on silicon, it was so far only demonstrated for alumina 
depositions.
88, 110
 An interesting aspect of NHSG approaches is the possibility to deposit metal 
oxide films without intermediate hydroxyl group formation. Furthermore, in the case of the direct 
condensation some benefits can be listed. Notably, the growth per cycle can be twice as large as 
compared to traditional depositions since both reactants can contain a metal. Moreover, during the 
reaction between alkoxy and halide precursors the formation of mineral acids, which could 
subsequently damage the freshly formed oxide film, is avoided in contrast to the reaction of metal 
halides with water or alcohols. 
 
II.3. Conclusion 
Sol-gel technology is a well developed domain and was employed for decades for the synthesis of 
various oxides, phosphates, hybrids and composites. Inorganic polymerization (hydrolysis and 
condensation reactions), aqueous chemistry of metal cations, chemistry of metal alkoxides, as well 
as physical chemistry (phenomena of aggregation, gelation and drying), are keys to the sol-gel 
science. Hence, the knowledge gained by the sol-gel community is broad, encompassing diverse 
fields of chemistry and physics. 
In view of what was discussed above, it emerges that similar chemistry is responsible for the metal 
oxide formation in ALD and in solution even though some differences exist. Therefore, ALD could 
greatly profit from the established knowledge and experience of sol–gel chemistry. Nevertheless 
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there are some notable differences between oxide formation in solution and by ALD. First of all, 
the nature of the reactions is obviously different. In sol-gel, the reactions occurring in solution are 
step growth condensation polymerizations. The precursors/monomers and already formed dimers 
and oligomers condense to give larger colloidal species under the elimination of simple molecules. 
In ALD, the metal oxide growth is based on subsequent self-terminating heterogeneous reactions 
between the surface species and the monomers coming from the gas phase. The latter thereby 
undergo irreversible chemisorption. Another important difference concerns the time scales of these 
two processes, the typical pulse length in ALD being a few seconds compared to some hours/days 
for sol-gel. Indeed, to better control the metal oxide formation in a sol-gel process, it is important to 
curb hydrolysis and/or condensation reactions. On the contrary, in ALD, fast reactions are sought 
after in order to obtain short deposition times. For example, non-hydrolytic conditions were 
introduced in sol-gel chemistry because in these cases the reactions are slower. Although this 
suggests that non-hydrolytic conditions are not favorable for ALD of metal oxides, they bring some 
significant benefits. Similarly, the modification of precursors in both techniques is not pursuing the 
same purpose due to the very different expected requirements for sol-gel and ALD precursors in 
terms of reactivity, volatility, thermal stability and solubility.
57, 71, 123
 
However, it is important to keep in mind that in ALD the reactions are naturally separated due to 
the alternating introduction of the two reactants. In contrast, in solution, solvolysis, exchange 
reactions and condensations occur simultaneously between the precursors as well as with 
intermediate species, making it difficult to investigate their respective mechanisms. Therefore, due 
to the divided steps, the in situ study of mechanisms in ALD is an attractive approach to better 
understand reactions performed in solution during oxide growth or in sol-gel chemistry and that 
might also be interesting for surface chemistry such as in heterogeneous catalysis, for example. 
ALD can be viewed as a tool operating at the frontier between surface science (i.e. studies 
performed in UHV on model systems such as single crystals) and industrially relevant 
heterogeneous reaction conditions (i.e. performed at atmospheric pressure or above). Therefore, 
ALD might experimentally bridge the apparent gap between the two fields if in situ analytical 
techniques such as FTIR, XPS, NEXAFS and mass spectrometry are applied. Furthermore, the use 
of in situ techniques in ALD allows to better control and understand thin film deposition and to 
study chemical phenomena which are difficult to be investigated in solution or under conventional 
working conditions. 
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III. Elaboration of nanostructured materials by ALD 
 
Heterostructured materials are typically composite materials consisting of several distinct phases, 
each contributing to a different function. One important aspect is that coupling between different 
phases induced by electrical/magnetic/mechanical/optical interactions can result in new 
functionalities which cannot be found in conventional materials. The synthesis of heterostructured 
materials through the combination of structurally or chemically different materials on a confined 
space of few nanometers is still very challenging. Certainly, one of the challenges in the synthesis 
of novel nanostructured materials is to combine one material that provides ideal support properties, 
such as a high surface area and a good chemical and mechanical stability, with the desired 
properties of a second material. This requires a synthesis approach that is capable of controlling the 
decoration or the deposition on a support at the atomic scale, whilst preserving the support 
characteristic properties. Amongst all the deposition processes, ALD
2-4
 appears to be one of the 
most promising techniques due to its simplicity, reproducibility and the high conformality of the 
obtained films. As a matter of fact, ALD was already chosen by the microelectronic industry as the 
technique of choice for the fabrication of next generation metal-insulator-metal capacitors in 
DRAMs and to deposit gate oxide in CMOS transistors.
124
 High aspect ratio structures, 
nanoparticles, nanowires, nanotubes, soft materials, biological materials can be precisely coated by 
ALD.
2-4, 125
 The obtained heterostructures have a large range of applications, such as in catalysis, 
microelectronics, energy storage and conversion, sensing, etc.
2-4, 125
  
The PhD work, presented in this manuscript, focuses mainly on the elaboration of heterostructures 
based on CNTs. Therefore, in this section, a brief overview on the fabrication of nanostructures 
will be presented before to focus on the coating of carbon nanotubes by ALD.  
 
III.1. Nanostructure fabrication 
The precise control of the thickness of the ALD layers combined with the high step coverage 
permitted to introduce new approaches for nanostructures fabrication.
88, 126-138
 For instance, using 
nanopaterning by area selective ALD,
139
 porous
140
 and nanostructured templates,
141
 novel 
nanostructured materials can be elaborated by ALD. Up to now, only few review articles
2, 4, 142-145
 
focused on the different strategies for nanostructure elaboration. While an early review of Ritala et 
al. highlighted the potentiality of the ALD for obtaining heterostructures,
145
 Leskela et al.
144
 and 
Knez et al.
4
 reviewed in detail the use of ALD for the preparation of complex nanostructures. Later 
on, Kim et al.
143
 detailed the “application of atomic layer deposition to nanofabrication and 
emerging nanodevices”. An overview of the different existing approaches is presented by these 
main papers. In a comprehensive overview of ALD, George
2
 also briefly presented the main 
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fabrication strategies. Finally, several chapters of the recently published book on “atomic layer 
deposition of nanostructured materials”125 discuss in detail the different approaches for 
nanostructure elaboration by ALD. 
The ALD coating of nanotubes, nanowires and nanoparticles
141
 has been reported as well as the use 
of templates, such as porous membranes, fibers or biomaterials, for the preparation of 
nanostructures. An early work presented the coating of boron nitride particles with Al2O3 ALD.
146
 
Various nano-objects, such as carbon nanotubes,
147
 electrospun fibers, semiconductor nanorods, 
etc. have been coated by ALD by now. The main purpose was the protection of the substrate with 
an insulating layer preventing oxidation and electrical conduction and the modification of its 
physical properties (e.g. optical, mechanical properties).
2, 141
 The substrates have also been used as 
sacrificial templates removed by annealing, chemical or physical etching after coating by ALD. For 
this purpose, biological
148
 and soft materials
149
 present a considerable interest due to their easier 
removal compared to inorganic supports.
143
 Furthermore, chemical transformation of the 
nanostructured substrates can also be induced by ALD. For example, the coating of ZnO
150
 or 
MgO
151
 nanowires with Al2O3, followed by thermal treatment, induces the formation of zinc or 
magnesium aluminate spinel structures. The elaboration of semiconductor nanowires by Vapor-
Liquid-Solid growth can be better controlled when combined with ALD.
4
  
Porous and high aspect ratio materials have been widely coated by this technique.
140
 They are of 
particular interest for nanotube/nanowire preparation. Although the first depositions into porous 
materials were realized into porous silicon,
152, 153
 one of the first attempts dealt with a 
polycarbonate filter acting as template. Free standing metal oxide nanotubes were fabricated via its 
infiltration with TiO2 and ZrO2 followed by the dissolution of the filter.
154
 Anodic Aluminum 
Oxide (AAO) is the most common porous template used and serves currently for model studies.
2, 4, 
143
 Dense, well-aligned and uniform arrays of nanotubes can be obtained
155
 by infiltration and 
removal of AAO. Step coverage models
156
 are currently developed for the determination of the 
ALD processing parameters (e.g. exposure and purge time). In this context, AAO
157
 represents an 
ideal model structure for high aspect ratio materials, due to its well-defined and controlled porous 
structure.
2
 The utilization of soft templates allows the fabrication of original inorganic 
nanostructures, for example ALD on self-assembled polymer led to the fabrication of “complex 
ZnO nanorods containing helical motifs”.158, 159 Moreover, ALD infiltration of periodic structures, 
such as opal, has been widely investigated for the tuning of their optical properties as well as to 
elaborate inverse opals and more complex structures, e.g. by using a sacrificial ALD layer.
160
 
Finally, strategies for achieving area selective ALD were also studied
139
 following different 
approaches
4
 such as the use of an overcoating (e.g. a polymer)
161-164
 to protect the surface from 
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ALD or of self-assembled monolayers
165-169
 bearing different chemical species for promoting or 
preventing the initiation of the ALD growth at different locations.
143
 
 
III.2. Coating of carbon nanotubes 
Carbon nanotubes offer a high surface area, good thermal and electrical conductivity, and 
mechanical as well as chemical stability. As such, they are ideally suited as support for a second 
material that can be deposited onto their surface either as particles or as a thin film. Such 
heterostructures find applications in catalysis, energy storage, or gas sensing, where it is essential 
to expose the active phase on a large surface area. Due to the small dimensions, interactions 
between the deposited material and the tubes at the interface can significantly alter the properties of 
the composite. This is specifically the case for semiconducting materials when the dimensions are 
in the range of the Debye length, i.e. the dimension of the space charge region. Therefore, the 
modification of CNTs is of outmost scientific and technological importance. Many reports dealing 
with the synthesis, characterization, and properties of such structured materials can be found in the 
recent literature.
170
 By using different material combinations and synthesis procedures, MOx/CNT 
composites, MOx-coated CNTs, or MOx-filled CNTs have been prepared and their electrical, 
electrochemical, (photo)catalytic, field emission, or gas sensing properties investigated.
170
 Studying 
such synergetic phenomena and size-dependent properties in a systematic way relies on a method 
that allows a precise control of the particle or film growth during the deposition. Nevertheless, the 
common features of almost all the techniques used are the nonhomogeneity of the metal oxide 
coating and often only partial covering of the entire surface of the tubes, resulting in discontinuous 
films or islands of inorganic coatings. Moreover, control and reproducibility of the film thickness 
are often difficult or impossible to obtain. Among the techniques available, ALD is specifically 
suited for the production of such heterostructures but its drawback is the difficulty to process a 
large amount of CNTs. However, this problem was recently addressed by making use of fluidized 
bed
22-25
 or rotary ALD reactors.
26-28
 
 
III.2.1 Purification and surface functionalization of carbon nanotubes 
In order to decorate and coat CNTs, it is primordial to characterize and modify their surface 
chemistry. Although CNTs can be synthesized using several techniques and routes, in all the cases, 
the pristine CNTs contain a variety of impurities ranging from other forms of carbon (i.e., 
fullerenes, graphite, and amorphous carbon) to metal nanoparticles used as catalyst to promote the 
CNT growth. Numerous procedures have been used to purify CNTs (cf. Ref.
171
).  
Two types of functionalizations can be distinguished: covalent and noncovalent.
172
 The most 
common ways involve covalent functionalization by gas- and liquid-phase oxidative treatments. 
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Even if the chemical functionalization permits to obtain a fine dispersion and a relatively selective 
separation, unfortunately no way to purify the product without damaging the nanotubes or changing 
the original morphology can be achieved.  
On the one hand, covalent functionalization by treatment of pristine CNTs with strong acids such 
as HNO3 or other strong oxidizing agents (e.g. O3) permits to generate oxygenated functional 
groups such as alcohol, ketone, ether, carboxylic acid, and ester.
173, 174
 This first chemical 
modification of the CNT surface paves the way to an endless possibility of further attachments.  
On the other hand, noncovalent functionalization is mainly based on supramolecular complexation 
using various adsorptive and anchoring forces, such as van der Waals and π-π interactions, 
hydrogen bonding, and electrostatic forces. One of the main advantages of the noncovalent 
functionalization, besides the use of mild conditions, is that no serious changes in the electrical and 
mechanical properties of the pristine CNTs occur. Indeed, the carbon sp
2
 structure and the 
conjugation of carbon atoms are preserved. This functionalization can be achieved, for instance, by 
the adsorption or anchoring of various functional molecules such as polymers or surfactants.
175
 In 
order to coat freestanding SWCNTs by Al2O3 ALD, Farmer and Gordon
176
 showed that the in situ 
physisorption of NO2 on SWCNTs permitted to initiate the metal oxide growth. Due to the 
reversible and nondissociative adsorption of NO2, the surface modification had to be performed in 
situ and it is not applicable to liquid phase. 
 
III.2.2 Atomic layer deposition on carbon nanotubes 
The coating of MWCNTs with Al2O3, by ALD, from trimethylaluminum  and water was already 
reported in 2003.
177
 Multilayer coatings on MWCNTs could be obtained by the sequential Al2O3 
and W ALD processes as described by Herrmann et al.
178
 TMA/H2O and WF6/Si2H6 cycles were 
used for the Al2O3 and tungsten deposition, respectively. The obtained “coaxial cables” are 
constituted by rather conformal ALD layers. This multistep approach permits to produce 
multifunctional nanostructures with interesting flexibility in terms of type of materials that can be 
deposited and their combination at the nanoscale. 
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Figure I.4. ALD coating of suspended NO2/TMA functionalized SWCNTs. a) TEM micrograph of 
an Al2O3-coated SWCNT. b) Higher magnification of the 2 nm nanotube reveals the 10 nm coating 
to be uniform and continuous.
176
 
 
Suspended SWCNTs could be conformally coated with Al2O3, after a NO2 pretreatment.
176
 NO2 
reversibly physisorbs on the SWCNTs acting as anchoring site for further oxide growth. One of the 
most relevant advantages of this approach is that the SWCNTs are not modified with chemical 
groups that would alter their physical properties. This is particularly important for the application 
of the freestanding coated SWCNTs as field effect transistors. The noncovalent functionalization 
was achieved by several NO2 and TMA cycles prior to TMA and water cycles. Such a pretreatment 
produces a stable complex that does not desorb from the nanotube sidewalls at room temperature 
and allows the subsequent coating of SWCNTs by ALD. TEM micrographs (Figure I.4a,b) 
revealed the resulting coating to be uniform and continuous. The oxide layer thickness of 10 nm 
was in perfect agreement with the one expected from the number of ALD cycles carried out. 
Therefore, there is no evidence of inhibition or delay in nucleation of ALD Al2O3 onto the NO2–
TMA pretreated SWCNTs. 
The idea of the alumina growth onto NO2-treated SWCNTs arose from a previous paper of the 
same group, in which Al2O3 and HfO2 were grown onto SWCNTs functionalized with aniline and 
nitroaniline.
179
 The treated SWCNTs presented surface phenyl and nitrophenyl groups, 
respectively, as depicted in Figure I.5 (left). Depending on the surface species, aluminum and 
hafnium oxide depositions onto the SWCNTs exhibited either localized nucleation or continuous 
coating, as clearly shown in the TEM images (Figure I.5, right). The Al2O3 spheres measured 
between 15 and 20 nm and the diameter of the Al2O3 wire was 22 nm corresponding to a typical 
growth per cycle of 0.1 nm for the TMA/H2O process at 225 ºC. This finding once again proved the 
absence of evident inhibition or delay in the nucleation of Al2O3 onto surface nitryl species. 
Min et al.
180
 used MWCNT arrays grown on porous anodic alumina as templates for the growth of 
Ru thin films. The deposition took place after dissolution of the alumina matrix by phosphoric acid, 
which also permitted to open the CNT tips, leading to a coating on the inner and outer surfaces. 
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After thermal treatment in oxygen at 500 ºC, ruthenium was oxidized into RuO2 and the MWCNTs 
burned off producing freestanding RuO2 nanotube arrays. 
 
Figure I.5. Reaction schematic and TEM images of functionalized suspended SWCNTs exposed to 
100 ALD cycles of Al2O3. a) SWCNTs functionalized using aniline. b) SWCNTs functionalized 
using nitroaniline. Scale bar: 20 nm.
179
 
 
Gomathi et al.
181
 coated HNO3-treated MWCNTs with SiO2, TiO2, and Al2O3 from the respective 
metal chloride and water at either 80 or 150 ºC. In this work, an unconventional glass reactor was 
used. It consisted of two glass chambers for the precursors connected to the reaction chamber by 
high-vacuum stopcocks, which were manually operated. Despite the simplicity of the setup, the 
quality and conformality of the coatings were surprisingly good. The as-deposited hydroxides 
needed to be annealed to 350 ºC to form the oxide.  
Javey et al.
182
 deposited zirconium oxide thin films (~8 nm), as gate dielectrics for nanotube field 
effect transistors, on top of individual single-walled carbon nanotubes. Individual semiconducting 
SWCNTs, bridging metal source and drain electrodes (spacing ~3 mm), were lying onto a SiO2/Si 
substrate. Helbling et al.
183
 also investigated SWCNT-based field effect transistors and showed that 
their encapsulation by approximately 100 nm Al2O3 ALD leads to stable device operation for 260 
days and reduces the sensitivity to the environment. Recently, Nakashima et al.
184
 and Shen et al.
185
 
coated CNTs with HfO2 for CNT field effect transistors applied to biosensors and for 
nanoelectrodes based on a single CNT, respectively.  
Noncovalent wrapping of SWCNTs with poly-T DNA improved the nucleation of HfO2 ALD.
186
 
Indeed, for SWCNTs on SiO2 substrates with DNA functionalization, concurrent ALD growth on 
both nanotubes and SiO2 surfaces was observed. Actually, a quasi continuous and conformal layer 
was obtained. For SWCNTs without DNA functionalization, no HfO2 nucleation and growth 
directly on the “defect-free” tube surface took place. 
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Kim et al.
187
 fabricated coaxial nanotubes with a highly conformal ZnO film, by employing an 
intermediate Al2O3 coating on the nanotubes. Indeed, the structure of the zinc oxide being strongly 
dependent of the surface properties of the support, the direct coating with ZnO led to highly 
irregular ZnO shells, while the Al2O3 shell forming a uniform coating on the nanotubes allows the 
deposition of a conformal ZnO layer.  
In a recent study, Al2O3 ALD (from TMA and H2O) on SWCNTs was studied in a viscous flow 
reactor and in a fluidized bed reactor.
188
 The SWCNTs were pretreated with ethanol or with sodium 
dodecyl sulfate (SDS) prior to deposition. As expected, neither continuous nor conformal ALD 
films could be achieved on non-functionalized SWCNTs. Only nucleation at defective sites was 
observed, leading to a pearl necklace-like morphology. However, after a simple ethanol 
pretreatment, SWCNT ropes could be coated with continuous, although not conformal, Al2O3 
layers (Figure I.6), proving that physisorbed ethanol promotes Al2O3 nucleation and that the density 
of nucleation sites is much higher than in the case of the unfunctionalized SWCNTs. The SDS-
based surfactant dispersion technique permitted to successfully promote a conformal Al2O3 shell 
that contained no visible nodules or particles. The advantage of the functionalization with SDS is 
that no covalent chemical modification is required, which, as already discussed, considerably alters 
the physical properties of the pristine SWCNT.  
 
Figure I.6. a) TEM image of Al2O3 ALD on ethanol-dispersed SWCNT bundles, detailing 
continuous Al2O3 growth on bulk quantities of SWCNTs. b) High-resolution TEM image of the 
same, showing radial growth from closely packed nodules that form a continuous film.
188
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Figure I.7. a) TEM image of untreated MWCNTs after 50 ALD cycles of Al2O3. b) TEM image of 
NO2/TMA functionalized MWCNTs after 50 ALD cycles.
189
 
 
ALD of Al2O3 (from TMA and H2O) on untreated NC7000 MWCNTs from Nanocyl in a rotary 
reactor resulted in the growth of Al2O3 nanospheres forming a pearl necklace-like morphology. A 
TEM micrograph of these spherical and monodisperse nanospheres after 50 ALD cycles is shown 
in Figure I.7a.
189
 The TEM images suggested that Al2O3 nucleated at defects on the MWCNT 
surface during the initial Al2O3 ALD cycles. The nanospheres then grew isotropically with the 
number of ALD cycles to yield fairly monodisperse sphere diameters. To grow conformal Al2O3, 
prefunctionalization of the MWCNT, similar to that proposed previously,
176
 from NO2 and TMA 
was carried out at room temperature prior to the Al2O3 deposition at 180 ºC. The TEM image after 
50 ALD cycles proved that a smooth and conformal film can be grown under these conditions 
(Figure I.7b).
189
 
In our group, CNTs have been coated via a non-hydrolytic approach applied to ALD, by using 
metal alkoxides and carboxylic acids as reactants.
100, 190
 Based on this procedure, hafnium-, 
titanium-, and vanadium oxide thin films of controlled thickness have been deposited onto the 
surface of functionalized CNTs. In the TEM images (Figure I.8a,b), the contrast-rich, darker 
regions on the outer and inner walls of the CNTs correspond to the metal oxide layers deposited by 
the ALD process. In the energy filtered TEM images, the lighter regions correspond to the metal 
oxide (Figure I.8c,d). The coating, only a few nanometers thick, was uniform along the whole 
surface of the tubes and presents approximately the same thickness on the inner and outer surfaces. 
Only the inner cavities in the bamboo-like tubes remain inaccessible for the precursor vapor and 
hence uncoated as it can be clearly seen in the energy filtered images (Figure I.8c). The film 
thickness abstracted from TEM measurements on the coated tubes was in agreement with 
reflectometry measurements performed on silicon wafers coated during the same deposition 
experiments. High-resolution TEM and electron diffraction experiments showed that the as-
deposited films are amorphous and can be directly grown on the graphitic surface of the nitric acid-
treated CNTs.
108, 191
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Figure I.8. a,b) TEM images recorded from CNTs coated with V2O5 and c,d) corresponding energy 
filtered images showing the distribution of vanadium on the surface. 
 
Finally, these various examples show that ALD permits, by controlling the surface chemistry and 
the density of nucleation sites, to produce complex nanostructures (e.g., conformal coating or pearl 
necklace-like) and therefore to tune the functionalities and/or the properties of the final material. 
 
A general drawback of the ALD processing of nanoparticles or CNTs is the low amount of material 
that can be homogeneously coated. As a matter of fact, the studies discussed above were made on 
single CNT or just few milligrams deposited by drop coating on a substrate. For the production of 
commercially viable CNT-based composites, bulk quantities of CNTs per batch must be used.
192
 
For this purpose, fluidized bed reactors
22-25
 or rotary reactors
26-28
 can be used as in the case of 
nanoparticles. 
Zhan et al.
188
 used an ALD fluidized bed reactor composed of a small fluidized bed holding (4 cm 
in diameter) for the Al2O3 ALD coating of SWCNTs. The bed was fluidized using N2 as the gas 
source at a pressure around 100 Pa. The Al2O3 deposition was carried out at 450 K using TMA and 
H2O pulses of 750 s each separated by 120 s purge times. By using a “large” reactor (15 cm in 
diameter), 100 g of SWCNTs per batch could be processed. The main drawback of fluidized bed 
reactors is that long precursor pulses are required leading to a large amount of reactants lost to the 
vacuum pump. Rotary reactors can overcome this drawback due to their possibility of static 
reactant exposures.
26
 Cavanagh et al.
189
 used a rotary reactor for the coating of gram quantities of 
MWCNTs with Al2O3 and WO3. 
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IV. ALD of functional heterostructures for gas sensing and catalysis application. 
 
Recently, ALD has widely been used to elaborate functional heterostructures for environment and 
energy applications. Since the heterostructures presented in the following chapters are essentially 
applied for gas sensing and electrocatalysis, this section will focus only on the ALD of functional 
materials for gas sensing and catalysis applications. The reader can refer to recent review papers for 
more exhaustive applications of such structures.
193, 194
 
 
IV.1. Gas sensors  
Based on the modification of their physical properties (e.g. electrical, optical) in presence of a 
target species, chemical sensors find important applications in everyday life. Indeed, they are 
widely applied to household security, industrial emission control, biomedical and agricultural 
domains, and to the control of the emission and engine combustions of vehicles.
195, 196
 In general, 
metal oxide semiconductors are used as active layers in resistive sensors, with SnO2 being the most 
studied one.
197-199
 Due to the strong correlation between grain size and sensor response,
200
 
nanostructured and/or heterostructured materials lead to an enhancement of the gas sensing 
response.  
In this context, films made of nanoparticles deposited by ALD have been investigated as gas 
sensors since many years already.
201-209
 In 2003, Rosental et al.
207
 demonstrated the ALD 
deposition of a crystalline SnO2 granular film on a flat α-Al2O3 substrate from tin tetrachloride or 
tin iodide and O2 or H2O2 precursors, respectively. They noticed an effect of the metal precursor on 
the sensor response, due to a difference on oxygen vacancy density of the obtained films. An 
increase of the oxygen vacancies leads to a higher electronic conductivity of the nanoparticulate 
film, which causes an improvement of the sensitivity towards CO. The ALD process using iodine 
precursors demonstrated a 10-fold improvement compared to the chlorine approach. 
Later on, Du et al.
203
 deposited tin oxide on a flat hotplate template from SnCl4 and H2O2. The 
importance of the film thickness was highlighted by CO sensing experiments. The best sensitivity 
was obtained for film thicknesses in the range of the Debye length of the material (~3 nm for 
SnO2)
200
 due to the full depletion of the sensing layer during the target gas adsorption (Figure 
I.9a).
203
 Platelet-like granular SnO2 films (Figure I.9b), deposited by the chloride approach 
described above, were also investigated for acrylonitrile, acetone and ethanol sensing. A fast 
increase of the conductance was observed for the two first gases, in agreement with an 
adsorption/desorption kinetic of the 1
st
 order, while ethanol sensing presents a 2
nd
 kinetic order, 
related to complex reaction pattern. In all cases, fast response and full recovery were obtained 
(Figure I.9c,d).
206
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Figure I.9. a) Sensor response to CO gas for different thicknesses of SnO2 grown on different flat 
hotplates.
203
 The TEM image in b) reveals the grain structure of the ALD deposited SnO2. 
Response of the device at 300 ºC to various c) acetone and d) ethanol concentrations.
206
  
 
Heterostructures elaborated by ALD were also tested in gas sensing applications. Coating and 
decoration of particles or nanotubes by a metal
210, 211
 or a metal oxide
108, 212-216
 were studied in order 
to investigate the modification of the sensing properties of the support by the controlled deposition 
of a different material by ALD. As a matter of fact, the interaction between the deposited material 
and the support can significantly alter the properties of the composite. This is specifically the case 
for semiconducting materials when the dimensions are in the range of the Debye length (i.e. few 
nanometers for most metal oxide semiconductors). Studying such synergetic phenomena and size 
dependent properties in a systematic way relies on a method that allows a precise control of the 
particle or film growth during the deposition.  
Offering a high surface area, good thermal and electric conductivity and mechanical as well as 
chemical stability, CNTs are ideally suited as support for a second material that can be deposited 
onto their surface either as particles or as a thin film.
147
 Metal oxide-coated single-wall CNTs and 
multi-wall CNTs have been used as CO,
215
 O2, NO2 sensors.
108
 A non-aqueous sol-gel approach 
was successfully applied for the conformal and homogeneous coating of the inner and outer surface 
of carbon nanotubes (cf. section III.2.2. and Figure I.8).
100, 108, 191
 ALD-coated tubes with thin layers 
of V2O4 as active component were investigated in gas-sensing devices.
108
 Due to the formation of a 
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p-n heterojunction between the p-type conductive CNTs and the n-type thin film, an enhancement 
of the gas-sensing response was observed. 
The role of the thickness and nanostructure of the deposited material on the properties of p-n 
heterojunctions was demonstrated by coating CNTs (p-type) by ZnO (n-type) ALD. ZnO 
crystalline nanoparticles are deposited forming a partial or full coating of the CNTs. The so-
fabricated photodetector devices exhibit a semiconducting p-type character when the coating is 
incomplete and a n-type character for a continuous coating. This was attributed to the different 
nature of charge carriers, holes for the first and electrons for the latter case.
214
  
Combining electrospinning and ALD, SnO2 nanofibers coated with ZnO were elaborated (Figure 
I.10a-b) and tested as O2, NO2
212
 and CO gas sensors.
216
 The electrospun nanofibers presented an 
average diameter of 120 nm (Figure I.10a) and were covered by ZnO shells (Figure I.10b) of 
various thicknesses. A stable and reproducible sensing response was obtained. The response to NO2 
appeared faster compared to the one recorded for pure ZnO fibers.
212
 In case of CO sensing, a 
comparison between ZnO and SnO2 fibers showed a gas sensing enhancement of the ZnO@SnO2 
heterostructures. This was attributed to a fully depleted ZnO top layer and the formation of the n-n 
isotope heterojunction.
216
  
 
Figure I.10. Preparation process of a SnO2-ZnO core-shell nanofiber sensor. a) SEM image of the 
electrospun SnO2 fiber
216
 and b) after ZnO ALD coating.
212
 c) TEM image of SnO2 nanotubes 
elaborated by subsequent coating and removal of polyacrylonitrile (PAN) electrospun fibers.
217
  
 
SnO2 nanofibers were also decorated by Pt nanoparticles deposited by ALD from MeCpPtMe3 and 
O2. An enhancement of the ethanol sensitivity, due to the presence of catalytic Pt nanoparticles on 
the surface, was observed.
210
  
Syntheses of nanotubes/nanowires and porous materials
217-223
 by template infiltration were 
achieved by ALD. SnO2 nanotube networks
217
 and ZnO nanowires arrays
220
 were elaborated by 
ALD coating and template removal of electrospun polyacrylonitrile (PAN) fibers and patterned 
sacrificial silicon oxide, respectively. These nanostructures were investigated as O2, CO, NO2, NH3 
and ethanol sensors, and O2 and CO sensors, respectively. In case of the tin oxide, a conservation 
of the nanostructured network was obtained even after stabilized-PAN fiber removal by calcination 
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(Figure I.10c). Indeed, a uniform coating made of interconnected crystalline nanoparticles was 
realized. A fast, reversible and stable response to ethanol was observed. Cross sensitivity tests 
showed a higher response to ethanol. As expected, the highest response was obtained for the 
thinnest wall thickness (~8 nm).
217
  
Porous alumina, elaborated by ALD, was investigated as DNA
221, 222
 and humidity sensors.
223
 
Ordered macroporous silicon, infiltrated by Ta2O5 was also used for relative humidity sensing.
223
 
As last example, infiltration of AAO by Pt/Ir permitted the non-enzymatic glucose detection. 
Platinum and iridium were deposited from MeCpPtMe3, Ir(acac)3 and O2. By varying the ratio of Pt 
and Ir pulses, Pt/Ir alloys with various percentages were realized. The complete and conformal 
coating of the AAO pores enables the preparation of homogeneous controlled compositionally 
structured alloy films. Nanostructured Pt films were investigated as electrochemical electrodes for 
non-enzymatic glucose sensing. They presented a high selectivity to this compound and allowed to 
distinguish between glucose and interfering species, such as ascorbic acid and p-acetamidophenol. 
Indeed, a larger amperometric response to the target substance was observed compared to 
interfering species.
218
 These nanostructured alloys can also find applications in the domain of 
catalysis and energy storage. 
These examples suggest that ALD is probably the most suitable technique for the fabrication of 
chemical sensors because they require active materials of well controlled particle size, thickness of 
coating, morphology and composition. 
 
IV.2. Catalysis and fuel cells  
Materials for heterogeneous catalysis represent a crucial issue due to their large range of 
applications, in the chemical industry, automobile pollution control, fuel refinement and 
production, etc.
224
 To increase the catalytic activity and reduce the production costs, nanostructured 
catalysts are relevant because of their high surface area and their potentially low active material 
loading.
224
 Although the application of ALD in catalysis was early demonstrated for the deposition 
of oxide acting as support,
225
 we mainly focus here on deposition and protection of metallic 
catalysts especially for fuel cell applications. The reader can also refer to two recent review 
papers.
226, 227
 Particular attention is devoted to the development and improvement of fuel cell 
catalysts for e.g. methanol oxidation and oxygen reduction reactions. Since few years, ALD has 
proven to be a highly suitable technique to elaborate catalysts
128, 228-245
 and has induced important 
progresses in fuel cell technology.
128, 238, 243, 246-255
  
Feng et al.
232
 infiltrated AAO with 1 nm ALD Al2O3 before loading it with VOx by either wet 
impregnation or ALD. The catalysts prepared by ALD showed higher specificity toward the 
oxidative dehydrogenation of cyclohexane than those prepared by wet impregnation. Ma et al.
240
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modified the surface of Au/TiO2 catalysts by SiO2. 5 nm sized gold nanoparticles, homogeneously 
distributed on 20-50 nm titania particles, were encapsulated with an amorphous silica layer by 
ALD. Electron microscopy investigation showed that silica deposition takes place principally on 
TiO2 and leaves Au nanoparticles at least partially uncovered (Figure I.11a). Despite the fact that 
the silica-stabilized sample exhibits a lower catalytic activity due to the partial coverage of gold 
particles with SiO2, blocking some active catalytic sites, SiO2/Au/TiO2 showed an improved 
sintering resistance, maintaining a comparable activity toward the CO oxidation upon thermal 
treatment. The stabilization of porous gold by Al2O3 and TiO2 ALD showed a threefold increase of 
the CO oxidation activity. This was attributed to the oxide-gold interaction and the improved 
thermal stability of the porous network (Figure I.11b,c).
228
  
 
Figure I.11. a) TEM images of as-synthesized SiO2/Au/TiO2 catalyst, the arrows show the SiO2 
coated and uncoated Au nanoparticles
240
 b) Al2O3-coated (10 cycles) and c) uncoated Au NP after 
annealing at 600 °C showing the protective effect of the ALD coating after annealing the porous 
structure.
228
 d) Low-resolution TEM and e) HRTEM images of platinum NPs on strontium titanate 
nanocuboids.
231
  
 
ALD was also used to directly deposit metal catalyst particles. The epitaxial growth of platinum 
nanoparticles on strontium titanate nanocubes leads to uniform 2-3 nm Pt nanoparticles with a 4-8 
nm interparticle spacing (Figure I.11d,e).
128
 Due to a cube on cube epitaxy the Pt particles are 
thermodynamically stable. By tuning the amount of Pt deposited, the shape of the deposited 
clusters could be controlled. The modification of the ratio of exposed Pt{111} to Pt{100} facets 
permits to study face-selective catalytic activities.
230
 This effect was exploited for propane 
oxidation catalysis; a light off temperature (i.e. temperature for which 50% conversion is obtained) 
50 ºC lower than the traditional Pt/Al2O3 catalyst with comparable Pt loading was recorded. 
Moreover, no deactivation was noticed and the activity appeared to be three orders of magnitude 
higher. The deactivation resistance improvement was related to Pt stabilization by the strong 
epitaxy with SrTiO3 nanocubes, inhibiting the complete Pt oxidation.
231
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The surface of porous carbon aerogel was decorated by Pt nanocatalysts, prepared by ALD, from 
(methylcyclopentadienyl)trimethyl platinum (MeCpPtMe3) and oxygen (dry air). A decrease of the 
average particle size was observed with increasing depth on the porous structure. Such a behavior 
was related to a non-ideal ALD process. High catalytic activity towards CO oxidation was 
observed even with a Pt loading as low as ~0.047 mg/cm
2
, corresponding to 2 ALD cycles. Nearly 
full conversion was reached at a temperature as low as 150 ºC and equivalent activity was observed 
for 2 and 10 Pt ALD cycles.
238
 Thus, ALD is highly suitable to synthesize supported catalysts with 
very low loading. From the same precursors, using a fluidized bed reactor, which allows processing 
of large amounts, Li et al.
239
 investigated supported-Pt nanoparticles on porous silica catalysts for 
CO oxidation. Homogeneously dispersed on the outer and inner SiO2 surface, Pt particles were 
deposited with a narrow size distribution. 
In view of application in direct methanol fuel cells (DMCFs), bimetallic catalysts can improve the 
catalytic activity towards methanol oxidation. Christensen et al.
250
 investigated the synthesis and 
activity towards methanol decomposition of supported Ru-Pt bimetallic NPs elaborated by ALD. 
MeCpPtMe3 and 2,4-(dimethylpentadienyl)(ethylcyclopentadienyl) ruthenium and oxygen were 
used as precursors. Isolated crystalline 1.2 ± 0.3 nm sized Ru-Pt nanoparticles were deposited onto 
Al2O3 nanoparticles (Figure I.12a). By adjusting the ratio of Ru to Pt ALD cycles, a precise control 
of the composition was demonstrated. Methanol decomposition was performed on alumina 
supported bimetallic Ru-Pt and on a physical mixture of pure Ru@Al2O3 and Pt@Al2O3 catalysts. 
Above 210 ºC, with the bimetallic catalyst higher methanol conversion compared to the mixture of 
pure metallic particles was obtained.
250
 Being well-known catalyst for CH3OH oxidation, palladium 
nanoparticles fabricated by ALD were also investigated. From Pd(II) hexafluoroacetylacetonate 
and formaldehyde, Pd was deposited onto Al2O3 and ZnO surfaces.
233
 The effect of the surface 
functional groups on the Pd nucleation was also studied in the case of the Al2O3 substrate.
244
 
Highly dispersed and uniform 1-2 nm Pd particles were deposited on porous silica, previously 
coated with a thin film of either Al2O3 or ZnO, allowing to tune the support surface composition 
without modifying its porosity and shape. After an incubation period, uniform Pd distribution over 
the whole support was obtained (Figure I.12c-d). Pd-Al2O3 presented a high activity with a nearly 
full conversion at 280 ºC and 100 % H2 selectivity, while Pd-ZnO showed a fast deactivation due to 
the dissolution of the Pd into the support. This phenomenon could be suppressed by a simple thin 
Al2O3 overcoating acting as stabilization layer. Pd-ZnO overcoated by alumina showed an increase 
of catalytic activity, with a methanol conversion rising with the temperature, as well as no 
significant deactivation at 270 ºC after 6 h.
233
 The high versatility of the ALD technique was also 
highlighted by the possibility to tune the average particle size. Pd particles from 0.8 nm to 2.2 nm 
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in size with a very narrow size distribution could be obtained, and an increase of catalyst activity 
with the decrease in particle size was noticed in methanol oxidation.
244
  
Precious metal catalysts prepared by ALD for an oxygen reduction reaction (ORR) (i.e. for 
application as cathode catalysts in fuel cells) were also investigated. In 2009, Liu et al.
253
 
investigated the decoration of CNTs and carbon cloth by Pt for proton exchange membrane fuel 
cells (PEMFC). After Pt ALD on acid-treated-CNTs and -carbon cloth, conformal decoration with 
a 20-40 nm grain size Pt film was obtained (Figure I.12b). Pt@CNTs heterostructure used as 
cathode material in PEMFC showed high efficiency in ORR. 
 
Figure I.12. a) TEM images of Ru-Pt nanoparticles deposited onto alumina. The histogram gives 
the nanoparticle size distribution measured from TEM with a mean particle diameter of 1.2 nm.
250
 
b) SEM cross-section view of the CNTs on Si wafer after 100 ALD cycles of Pt.
253
 c) SEM image 
of the cross-section of a cleaved silica gel particle. d) TEM image of Pd particles supported on 
Al2O3.
233
  
 
 
V. ALD set-ups used 
 
The dissertation focuses on the deposition of titanium-, tin- and zinc oxide. Three different types of 
ALD tools were used. At the University of Aveiro, three home-made ALD reactors with two 
different set-ups (Figures I.13 and I.14) are available. One of those home-made set-ups was built 
during this PhD thesis. 
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Various designs of ALD reactors exist and can be divided into two types: the continuous flow 
reactor and the exposure mode one. When a reactor works in exposure mode, the precursors are 
pulsed into an isolated chamber from the pump using an intermediate valve between the chamber 
and the pumping system. After the precursor exposure, the unreacted precursor and the by-product 
are removed by opening this valve, and the reactor is thus purged. One can also let a residence time 
between the precursor pulse and the purge in order to let a sufficient time to the precursor to react 
with the surface. The total exposure time of the surface to the precursor consists thus in the pulse 
length and the residence time. On the other hand, the continuous flow reactor type consists in the 
precursor exposures with a carrier gas flowing continuously through the reactor to the pump. The 
ALD chamber is never isolated from the pump. The exposures to the different precursor are 
realized by successive their pulses separated by purging time.  
 
The deposition of tin dioxide and a part of the experiments on titanium dioxide were realized in a 
home-made ALD reactor shown in the Figure I.13 working in exposure mode. The chamber 
consists of a stainless steel round plate-like reactor (outer diameter: 20 cm) with a lid, maintained 
at a particular temperature by an underneath heating plate. A scroll dry pump is connected to one 
side, while on the other side 2 precursor lines are set up with separated entrances. One stainless 
steel canister is assembled for the metal source and one for the oxygen source. In the manner to 
keep both reactants separated until the chamber, alternating precursor pulses occurred through 3 
way pneumatic ALD valves. The chamber is isolated from the pump by an electromagnetic vacuum 
valve to allow a residence time of the reactants, if needed. The flow of the carrier gas, passing 
through the ALD valves until the chamber, is controlled by a mass flow controller. Finally, a pirani 
gauge placed between the chamber and the electromagnetic valve permits to monitor the dynamic 
pressure of the reactor. Typically, using 5 sccm of carrier gas, the pressure inside the chamber is, 
during the purge, ~2.10
-1
 torrs and, just after the residence time, ~4-5 torrs. Each part of the 
apparatus is kept at a constant temperature by individual heaters.  
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Figure I.13. Scheme of the ALD tool working in exposure mode, used for the deposition of SnO2 
and TiO2. 
 
In order to increase the amount of materials that can be coated, a second ALD tool operating in 
continuous flow has been constructed during this PhD work. The TiO2 coating of carbon nanotubes 
and carbon fibers was partially realized in the reactor shown in Figure I.14. A split tubular furnace 
with a stainless steel tube is used as a deposition chamber. The furnace temperature is controlled by 
3 external thermocouples in contact with the tube. Via a seal flange adaptor, an external 
thermocouple can also be added to measure the real temperature inside the chamber. On the one 
side an oil pump, a pirani gauge, for dynamic pressure monitoring, and either the external 
thermocouple or a blank flange are connected, and on the other side of the tube, the sample can be 
introduced and the precursor lines are connected. In this case, although the precursor lines merge 
before the entrance of the chamber, the reactants are kept separated thanks to 3 way pneumatic 
valves. One stainless steel canister is assembled for the metal source, one for the oxygen source and 
a third one is available for a second metal precursor. The flow of the carrier gas, i.e. N2, passing 
through the ALD valves until the chamber, is controlled by a mass flow controller. The sample 
deposited in a rectangular crucible is introduced by a long rod having a hook for the sample 
removal at the end. During the deposition, a blank flange is used to close the sample entrance in 
order to keep the whole system under vacuum. The chamber is directly connected to the pump 
without intermediate valves allowing depositions only in continuous flow mode. The deposition 
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takes place at a pressure of ~1 torrs, with a flow of carrier gas of 100 sccm. Each part of the 
apparatus is kept at the desired temperature by an individual heater. 
 
Figure I.14. Scheme of the ALD working in continuous flow mode used for the coating of the 
carbon nanotubes and carbon fibers. 
 
Finally, the zinc oxide deposition was realized at the Seoul National University in a commercial 
ALD reactor, a CN1 model “atomic classic” operated in exposure mode. 
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A new low-moderate temperature atomic layer deposition process of tin dioxide films was 
developed. This approach, which is adapted from the non-hydrolytic sol-gel chemistry, permits to 
deposit SnO2 at temperatures as low as 75 °C. At deposition temperature of 200 °C some initiation 
of crystallization can be observed. The microstructural and elemental characterizations reveal the 
formation of a granular film nearly free of carbon impurities having a band gap, determined by 
UV-visible spectroscopy, of 3.4 eV.  
 
 
I. Introduction 
 
I.1. SnO2 
Tin dioxide is a transparent and high direct band gap (~3.6 eV at 25 ºC)
1-3
 n-semiconductor. It 
crystallizes principally into a tetragonal rutile structure, with a denser orthorhombic phase being 
formed at high pressures. Due to the dual valency of the Sn, i.e. Sn
2+
 and Sn
4+
, SnO2 can be 
reversibly reduced into SnO. Its electrical conductivity can be controlled by its stoichiometry and 
its oxygen vacancy concentration.
4
 Tin dioxide is widely studied for its application e.g. as 
transparent conducting oxide, heterogeneous catalyst, Li-ion battery anode and solid-state gas 
sensor.
5
 It has proven to be highly suited for the application as active layer in metal oxide 
semiconductor gas sensors.
6
 Its electric resistance changes due to the charge carrier exchange 
between the adsorbed gas and the oxide surface.
7
 Since the process takes place at the surface, it is 
crucial to have a large surface to volume ratio in order to achieve a high response.
8
 Recently, many 
SnO2-based nanostructures have been used for gas sensing applications.
9-11
  
 
I.2. Deposition of SnO2 thin films 
Tin oxide thin films have been deposited onto various substrates by chemical and physical 
deposition processes.
12
 They are currently prepared by aqueous and non-aqueous
13
 sol-gel routes 
from tin halide,
14-16
 tin alkoxide
17-20
 or organotin,
21
 using dip- or spin-coating. Various CVD 
approaches such as thermal-,
22-25
 low pressure-,
26
 plasma assisted-,
27, 28
 induced plasma coupled,
29
 
laser assisted-,
30
 atmospheric pressure-
31, 32
 and aerosol assisted-
33
 CVD are widely used with tin 
halides and organotin as metal precursor. Even though often high deposition temperatures are 
required, SnO2 can also be prepared at room temperature e.g. by plasma enhanced CVD from 
tetramethyl tin.
34
 The following section will describe the use of ALD to fabricate SnO2 thin films. 
Also physical deposition approaches such as pulsed laser deposition,
35-37
 electron beam and thermal 
evaporation,
38-42
 pyrolysis
40, 42-45
 and sputtering
46-48
 methods are also widely used to elaborate tin 
oxide films.  
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Many of the approaches used for SnO2 thin film elaboration require a deposition temperature 
higher than 300 °C or are followed by a thermal treatment. By chemical and physical approaches, 
depending on the precursor and the deposition temperature, amorphous, crystallites embedded in an 
amorphous matrix, and polycrystalline films were obtained. Whenever a crystalline tin dioxide 
phase was synthesized, the tetragonal rutile phase was always obtained. 
 
I.3. Atomic layer deposition of SnO2 
Thin films of tin oxide have already been deposited by ALD from tin chloride (SnCl4) reacting with 
either water
49-53
 or hydrogen peroxide
54-58
 or from Snl4 and either H2O2
55, 57
 or O2
28, 55, 57-59
 at 
relatively high temperatures (180-700 °C). In order to decrease the deposition temperature and to 
avoid corrosive by-products and further to obtain amorphous as-deposited films, alternative 
pathways have been developed. An early work makes use of organotin, i.e. tetraethyl tin and 
tetramethyl tin, reacting with N2O4. Nevertheless, no low temperature deposition was achieved 
having ALD windows at 250-290 ºC and 400-450ºC, respectively. During the film nucleation, a 
participation of the substrate oxygen promotes the metal oxide growth, otherwise due to an 
initiation step a growth delay is noticed at the first cycles.
60
 Furthermore, instead of halides, at 
moderate temperatures (200 ºC to 400 ºC), dibutyl tin acetate has been reacted with O2.
61-65
 Low-
mild deposition temperatures were reached with an amino-tin precursor. Indeed, SnO2 was 
deposited from tetrakis(ethylmethylamino)tin and oxygen plasma
66
 and from 
tetrakis(dimethylamino)tin and water, hydrogen peroxide or ozone.
67
 Recently, Gordon’s group 
developed a low temperature approach based on a cyclic amide precursor, which reacts either with 
hydrogen peroxide
68
 or recently with NO,
69
 from 50 to 200 ºC and 130 to 250 ºC, respectively. 
Often polycrystalline rutile SnO2 is deposited. The microstructure and properties of ALD-grown 
epitaxial SnO2 has been studied on α-Al2O3
28, 55, 57-59, 70, 71
, n- and m- cut sapphire
63
 and oriented 
TiO2.
62
 ALD processes were also applied to the coating of nanostructured and/or functional 
materials such as, porous silicon,
72, 73
 AFM microprobes,
74
 microhotplate gas sensors,
75, 76
 AAO,
77
 
nanoparticles,
78, 79
 nanowires,
80
 polymer fibers,
64
 CNTs
81, 82
 or graphene nanosheets.
83, 84
  
 
Considering the previously developed processes, very few low temperature approaches have been 
developed and involved oxygen sources with high oxidative power, such as oxygen plasma, O3 and 
H2O2. It is certainly of interest to access SnO2 by ALD at gentle deposition conditions, i.e. low or 
middle temperature (lower than 250-300 °C), low oxidative and corrosive character and low 
harmfulness of precursors and by-products towards the user. The successful application of a non-
hydrolytic route for the deposition of titanium-, vanadium- and hafnium oxides has been reported 
by our group (see Chapter I).
85, 86
 The use of carboxylic acids as oxygen source allows the coating 
                                                        Chapter II. Low-moderate temperature SnO2 deposition process 
57 
of moisture and/or oxidant sensitive substrates. During this PhD work, this approach was extended 
to tin dioxide.
87
 
In this chapter, it will be shown that the use of a tin(IV) alkoxide and a carboxylic acid, as metal 
and oxygen source, is highly suitable for the deposition of tin dioxide films at temperatures as low 
as 75 ºC onto various substrates. The structural characterization in terms of microstructure, 
crystallinity and elemental composition of the as-deposited films will be presented. The SnO2 
approach presented in this chapter has also been employed for the coating of MWCNTs applied as 
gas sensors (cf. Chapters IV and V).  
 
 
II. Reactions involved in the ALD process and methodology 
 
The deposition of tin dioxide by a non-aqueous sol-gel route was realized in the home-made ALD 
reactor schematized in Figure I.13. The development of the low-mid temperature deposition of tin 
dioxide, presented here, is based on a reaction between a metal alkoxide and a carboxylic acid. 
SnO2 was deposited from tin(IV) tetra-butoxide, Sn(
t
OBu)4, reacting with acetic acid following the 
two surface half-reactions (eq. 1 and 2).  
During the acetic acid pulse, ligand exchange occurs between the surface alkoxy species and the 
evaporated carboxylic acid, under an alcohol elimination. 
 ≡Sn-OtBu + CH3COOH → ≡Sn-OOCCH3 + 
t
BuOH   (eq. 1) 
The following tin alkoxide pulse leads to an ester elimination corresponding to a condensation step 
with the formation of an oxo bond. 
≡Sn-OOCCH3 + Sn-O
t
Bu → ≡Sn-O-Sn≡ + CH3COO
t
Bu (eq. 2) 
Comments on the precursors used: 
Tin(IV) tetra-butoxide, is a colorless low-melting solid, moisture sensitive. Using a non-aqueous 
sol-gel approach, acetic acid ≥99.0% was employed and both canisters, metal and oxygen sources, 
were filled inside a glove box. 
 
After proving the feasibility of the process with some preliminary films, the influence of the 
various parameters was scanned in order to define the ALD window of this new process. First of 
all, based on the typical deposition parameters for TiO2 and HfO2,
85, 86
 thin films of SnO2 were 
deposited on silicon substrates at 200 ºC, in exposure mode. In these standard conditions, the pulse 
durations of the oxygen and metal source, kept at 30 ºC and 80 ºC, were 0.03 s and 1 s, 
respectively. An exposure of 20 s and purging of 15 s were performed at each half-reaction. The 
ALD window was then roughly estimated and established between 175 and 200 ºC. Above 225-250 
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°C decomposition of the tin alkoxide occurs. A more systematic study of the ALD parameters is 
currently being carried out.  
Although thin films were deposited at temperatures as low as 75 °C, in the following section only 
the films deposited at 200 °C will be presented. 
 
 
III. Structural film characterizations 
 
III.1. Microstructure of as-deposited SnO2 thin films 
Films deposited on Si wafer were characterized by X-ray reflectivity, SEM and EDS as well as 
AFM.  
In Figure II.1, an SEM image recorded from the edge of a fractured silica wafer after depositing 22 
nm thick SnO2 during 200 ALD cycles at 200 °C is shown. As evidenced by the corresponding 
EDS map shown in Figure II.1b, tin is homogeneously distributed on the flat surface of the wafer.  
 
Figure II.1. a) SEM image showing the edge of a fractured silica wafer after thin film deposition. 
Vertical lines at the edge are due to the fracture of the wafer. b) Corresponding EDS map. 
 
Observation in cross-section of a 120 nm thick film on a (100) Si wafer, after fracture, reveals a 
continuous and thickness uniform coating (Figure II.2a). At low magnification, one can notice a 
granular aspect confirmed in Figure II.2b at higher magnification, where small grains are visible. 
This observation is further confirmed by the AFM characterizations. 
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Figure II.2. Cross-section of a 120 nm thick SnO2 film on silicon wafer, a) at low magnification, in 
inset the EDS map shows the presence of the film on the side. b) At higher magnification, the SEM 
image reveals a granular morphology of the film.  
 
AFM images reveal a granular structure consisting of sub-10 nm nanoparticles (Figure II.3). One 
should take in consideration the convolution of the tip and sample leading to an over- or under-
estimation of the particles diameter. The thickness of the film obtained by XRR measurements 
(Figure II.4) was 22 nm, therefore an average growth per cycle (GPC) of 0.11 nm can be derived. 
The root mean square (RMS) roughness extracted from the AFM images was around 0.40 nm. The 
RMS roughness of the bare Si wafer substrate (Figure II.3a) used in this work was 0.20 nm. Hence, 
the roughness of the deposited film is lower or equal to previous results reported for different ALD 
processes. For example, crystalline films formed from SnCl4 and water on soda lime and corning 
glass substrates showed a RMS roughness of around 2-12 nm, depending on the film thickness.
71
 In 
the case of H2O2 as oxygen source, amorphous films were obtained on Si wafer. Their RMS 
roughness was reported to range from 0.3 to 10 nm depending on the number of ALD cycles when 
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SnCl4 was used as metal source,
54, 75
 and 0.85 nm for 9.1 nm thick films grown using 
tetrakis(dimethylamino)tin.
67
 
 
Figure II.3. Tapping mode AFM images recorded from SnO2 thin film grown at 200 °C over an 
area of 1x1 µm and 400x400 nm are shown in a) and b), respectively. 
0 1 2 3 4 5
1
10
100
1000
10000
100000
1000000
In
te
n
s
it
y
 (
u
.a
.)
2 theta (degree)
 
Figure II.4. XRR curve of SnO2 films on Si wafer investigated by AFM (full black line) and the 
simulated curve of a film of 22 nm (dotted red line). 
 
III.2. Crystallinity of as-deposited SnO2 
The crystalline aspect has been characterized by XRD and high-resolution TEM. On 35 nm thick 
SnO2 film deposited on Si wafer, grazing incidence angle XRD (not shown) did not permit to 
obtain clear evidence of crystallinity. Coated carbon nanotubes (cf. chapter IV) were also 
investigated by electron microscopy in order to study the tin dioxide crystallinity. A particulate 
structure of the film is demonstrated by HRTEM images that were recorded in regions where the 
thickness of the supporting carbon structure is very thin. Close inspection reveals small contrast 
variations due to lattice fringes of nanometer sized crystalline SnO2 particles (Figure II.5). In order 
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to better characterize the crystallinity of the particles, XRD patterns have been recorded on coated 
CNTs (not shown). Although the AFM and TEM images indicate the presence of sub-10 nm SnO2 
particles, the crystallite size appears to be insufficient to obtain diffraction peaks even with a long 
acquisition time. These findings can be explained by the weak and broad expected reflections of 
such small crystallites, which remain blended with the background. Only the HRTEM observations 
and Fourier filtered images show the presence of lattice fringes attributed to the rutile phase 
demonstrating a beginning of crystallization. The investigation of the nanocrystallinity of the film 
by HRTEM will be further developed more in detail in the Chapter IV, section IV.1.3.  
 
Figure II.5. In thin regions, where the background contrast due to the carbon substrate is weak, 
fringes of the crystalline SnO2 nanoparticles can be observed. It is enhanced in the Fourier filtered 
inset of the panel, generated using the 200 d-spacing of rutile SnO2. The deposition temperature 
was 200 °C.  
 
III.3. Elemental composition of the ALD tin oxide 
In order to obtain information about the elemental composition and chemical state of the film, X-
ray photoelectron spectroscopy was performed. Prior to the measurements, the surface of the 
sample was sputter-cleaned with argon ions to remove carbon contaminations. The XPS survey 
spectrum obtained for the film deposited on Si wafer is shown in Figure II.6a. The spectrum is 
dominated by strong signals from Sn and O. A very small amount of carbon (284.6 eV), as shown 
in the narrow scan of C 1s (Figure II.6b), and a small quantity of silicon (99.3 eV for Si and 103.3 
eV for SiO2) can be observed. The narrow-scan XPS spectra of Sn 3d and O 1s are shown in 
Figures II.6c and II.6d, respectively. The Sn 3d photoelectron peaks at 487.3 eV and 495.7 eV are 
characteristic of Sn
4+
 in SnO2. The O 1s peak can be divided into two peaks, which are in good 
agreement with the reference data and the literature.
88, 89
 They correspond to the oxygen in SnO2 
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(531.3 eV) and SiO2 (532.8 eV), respectively. The small peak of SiO2 is due to a surface oxide 
layer on the Si wafer. The XPS data reveal the high purity of the deposited film and demonstrate 
that the process results in SnO2 that is almost free of carbon impurities.  
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Figure II.6. XPS Spectra of the film deposited on Si wafer: a) survey scan, b) narrow scan of C 1s. 
c) and d) show high resolution scans across the Sn3d and O1s edges, respectively.  
 
 
IV. Determination of the SnO2 band gap 
 
The band gap value, Eg, of the obtained SnO2 thin film was determined using UV-Visible 
spectroscopy. The reflectance spectra of 30 and 120 nm thick films deposited on si wafer are 
shown in Figure II.7.  
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Figure II.7. UV-Visible reflectance spectra of a 30 nm (grey line) and 120 nm (black line) thick 
SnO2 films on Si, after removal of the support contribution. 
 
The presence of fringes is attributed to the interaction of the incident light with the ~2 nm-SiO2 
interface layer. An absorption between 250-400 nm is noted in both cases as well as a decrease of 
the reflectance for the thicker film. 
Tin dioxide band gap is expected to be direct. Its value can therefore be obtained graphically by 
plotting (F(R)*E)
2
 vs. E, where F(R) is the Kulbelka-Munk function: F(R) = (1-R)
2
/2R, R being the 
reflectance value.
90
 The Eg value is determined at the intersection of the linear fit with the energy 
axis for 0 coordinate. In fact, this method is valid for infinitely thick samples. However, by 
dividing the measured reflectance spectra of the supported film by reference spectra (as realized in 
Figure II.7), the support reflectance contribution is considered being sufficiently reduced.  
The Eg extracted for the reflectance transformations, shown in Figure II.8, is 3.4 eV for both films. 
This value seems realistic, while slightly lower than the theoretical value for the SnO2 bulk (3.6 
eV). This could be explained by the dominant amorphous phase of the ALD tin dioxide and 
probably its lower compactness. 
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Figure II.8. Kulbelka-Munk transformed reflectance spectra and their linear fits for a) 30 nm and 
b) 120 nm SnO2 thin films. 
 
 
V. Conclusions 
 
In this work, a novel ALD process for the deposition of nanocrystalline films of SnO2 at low and 
moderate temperature is reported. Indeed, tin dioxide has been deposited at temperatures as low as 
75 °C. The process is based on the reaction of tin(IV) tert-butoxide with acetic acid as metal and 
oxygen sources, respectively. The as-deposited films show a granular like structure composed of 
nanoparticles that measure few nanometers in diameter only. The presence of small crystallites 
embodied into an amorphous phase is noticed demonstrating a starting crystallization. The SnO2 
presents some crystalline rutile phase and is almost carbon free. Finally, the as-deposited SnO2 
shows a band gap of 3.4 eV, slightly lower than the theoretical band gap of the bulk metal oxide.  
The implementation of this novel method for the elaboration of SnO2@CNTs heterostructures will 
be described in Chapter IV.  
 
 
VI. Experimental part 
 
SnO2 deposition 
Tin dioxide was deposited on (100) silicon wafer and carbon nanotubes (Applied Science PR-24-
PS, unfunctionalized and functionalized). Tin tert-butoxide (99.99% PURATREM, STREM and 
≥99.99%, Aldrich) and acetic acid (Purum ≥99.0%, Fluka) were used as metal and oxygen 
precursors, respectively. The depositions took place between 75 °C and 250 °C in an exposure 
mode reactor. Metal precursor and carboxylic acid were introduced subsequently by pneumatic 
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ALD valves from their reservoirs, which were kept at 80 and 30 ºC, respectively. For the 
deposition, pure nitrogen was used as a carrier gas at a constant flow rate of 5 sccm. The ALD 
valves opened for 0.03 and 1 s for the oxygen source and tin precursor, respectively. The residence 
time after each precursor pulse was set to 20 s, followed by a nitrogen purge during 15 s.  
 
Characterizations of the as-deposited film 
The thickness of the as-deposited tin oxide films on the wafer substrates were measured by XRR 
using a Philips X’Pert MRD X-ray diffractometer with copper radiation and a graphite 
monochromator for the selection of pure Kα radiation. The X-ray tube was operated at 40 kV and 
50 mA. A 1 mm slit was used in order to reduce the scattered X-ray intensity. Measurements were 
performed in low-resolution experimental set up with the following instrumental configuration: 
divergence slit at the incident beam: 1/8 in.; step width: 0.005°; acquisition time: 1 s. XRD 
characterization of films on Si wafer and CNTs (not shown) was performed with a Philips X’Pert 
MRD X’ray diffractometer (Cu Kα radiation at 40 kV and 50 mA) and in transmission mode on a 
STOE STADI MP equipped with IP-PSD image plate detector (Co Kα radiation), respectively. 
Using the high-resolution TEM, JEOL JEM220FS microscope, diffraction patterns were recorded 
on the coated CNTs to investigate the crystallinity of the SnO2 coating. Coated wafers were further 
analyzed by SEM and EDS using a SU-70 (Hitachi) microscope equipped with a Bruker silicon 
drift detector. The surface morphology was studied by AFM in tapping mode using a commercial 
NSG 10 tip (tip curvature radius 10 nm guaranteed) with a constant force of 12 N.m
-1
 and a 
resonant frequency of 220 kHz. The XPS experiments were performed on thick films in an UHV 
multipurpose surface analysis system (SIGMA PROBE, ThermoFisher Scientific, UK) operating at 
base pressures <10
-10
 mbar. The photoelectron spectra were excited by an Al Kα (1486.6 eV) anode 
operating at constant power of 100 W (15 kV and 10 mA). During the spectra acquisition, the 
constant analyzer energy (CAE) mode was employed at a pass energy of 30 eV and a step of 0.1 
eV. The sputtering process was carried out in the analysis chamber, using an argon ion sputtering 
gun at normal incidence. The etching process was performed using an argon ion beam (accelerating 
voltage 2 keV and 1 mA). UV-visible absorption spectra were recorded at room temperature, using 
a dual beam spectrophotometer Lambda 950, Perkin Elmer, with a 150 nm diameter integrating 
sphere. Spectra of thin film of 120 and 30 nm SnO2 on Si wafer were recorded.  
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Non-aqueous ALD was applied to the controlled coating of film made of particles. Using 
Langmuir-Blodgett technique, periodic 3-dimensional materials made of mono-dispersed silica 
particles were elaborated. The obtained opal was further accurately infiltrated by TiO2 ALD. 
Combining both electromagnetic simulations and experiments, it will be shown that the photonic 
pseudo band gap (PPBG) exhibited by a silica opal can be fully controlled by ALD of titania into 
the pores of the silica spheres constituting the opals. Different types of opals were assembled by the 
Langmuir–Blodgett (LB) technique: homogeneous closed packed structures set up of, respectively, 
260 and 285 nm silica spheres, as well as opal heterostructures consisting of a monolayer of 430 
nm silica spheres embedded within 10 layers of 280 nm silica spheres. For the stepwise infiltration 
of the opals with titania, titanium isopropoxide and acetic acid were used as metal and oxygen 
sources, in accordance with the non-aqueous approach to ALD published by our group. A shift of 
the direct PPBG, its disappearance, and the subsequent appearance and shifting of the inverse 
PPBG are observed as the opal is progressively filled. The close agreement between simulated and 
experimental results is striking, and promising in terms of predicting the properties of advanced 
photonic materials. This work demonstrates that the ALD process used is rather robust and can be 
applied to the coating and the elaboration of complex nanostructures. 
 
 
I. Introduction 
 
I.1. General consideration on opals and photonic crystals 
Opals are densely packed periodic 3D materials which can be found in nature. Made of silica 
particles, natural opals are considered as gemstone due to their particular iridescence property, 
which is due to the interaction between the periodic low and high dielectric function (or refractive 
index) of the macroscopic material and the light, obeying to the Bragg law. Artificial opals can be 
considered as self-assembled colloidal crystals, presenting a dense packing,
1
 typically face centered 
cubic (fcc) or hexagonal compact packing (hcp) lattices. They are of interest due to their particular 
optical properties, i.e. the inhibition of spontaneous emission rate and the strong localization of 
light,
2
 and constitute then a typical example of photonic crystals (PC). A number of reviews report 
the characteristics, synthesis and application of these photonic structures.
1, 3-9
 
The works of John
10
 and Yablonovitch
11
 set the ground for the scientific interest in photonic crystal 
structures and the study of their optical properties. The development of materials that are 
characterized by a periodically varying index of refraction enables improved control over the 
generation and propagation of light. Indeed, as in a crystal lattice where electron waves interfere 
with the periodic potential, electromagnetic waves interfere with the periodic dielectric function of 
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the PC material.
6, 12
 Reflection of light by the photonic structure, as shown in Figure III.1, occurs 
following the Bragg’s law, combined with Snell’s law.1 Bragg-Snell law along the [111] direction 
is defined by the relationship:  
  22111 sin2  effBragg nd  
where λBragg is the Bragg peak, d111 the distance separating the [111] plane, equal to Dd 32111   
in case of a dielectric sphere of a diameter D, θ is the incident angle and finally neff is the effective 
refractive index, defined by the refractive indexes of the opal material and air and to the volume 
fraction of the opal, f, by the relationship:   22 1 airopaleff nffnn  . 
For a certain energy range called stop band or photonic band gap (PBG), electromagnetic waves 
propagation is forbidden. The energy band structure is governed by the Floquet-Bloch theorem.
13
 
 
Figure III.1. Scheme of the optical path of incident light in an opal. Reproduced from Ref.
1
. 
 
The unique characteristics, i.e. the formation and directionality of the PBGs, can be manipulated in 
order to control the amount of losses in optical circuits and spontaneous emission. The engineering 
of a full PBG requires a periodic and high refractive index contrast in all (3D) spatial directions. 
PCs based on the infiltration and inversion of direct opals have been shown to be promising 
structures,
14-16
 and a full PBG at infrared frequencies has been obtained in silicon inverse opals.
17, 18
 
Recently, it was shown that topological tuning, obtained by shifting the distribution and filling 
fraction of the high-index dielectric material through advanced architectures, such as multilayered 
inverse opals and non-close-packed (NCP) inverse opals,
19-25
 can significantly change the photonic 
band properties. 
 
I.2. Atomic layer deposition applied to inverse opal  
Opal infiltration was motivated by the modification of the refractive index contrast of the original 
structure by its filling with high refractive index material to tune its optical properties. The 
structure presents some voids that can be homogeneously coated and filled leading to the tuning of 
the effective index contrast. Inverse opal elaboration has been achieved by several groups, using for 
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instance impregnation, sol-gel technique
26-29
 or chemical vapor deposition.
17, 29-36
 The group of 
López demonstrated the high suitability of the CVD technique for opal infiltration among other by 
ZnO,
32, 34
 and VO2
37
 by tuning the PBG position as a function of the metal oxide deposited. A good 
agreement between theory and experiments was observed indeed in the case of polystyrene opals 
infiltrated with ZnO.
34
 Due to its high accuracy and versatility, ALD appears as a technique of 
choice for inverse opal elaboration. It has already proven to be a suitable technique for the 
deposition of conformal films with submonolayer control, allowing one to reach filling fractions as 
good as 88% of the pore volume.
22-24, 38-40
 A recent book chapter reviews the ALD application to 
the inverse opal fabrication.
2
 
Rugge et al.
22
 reported the first use of ALD for the formation of inverse opal, by infiltrating silica 
opal by WN ALD. In the same year, King et al.
41, 42
 published the infiltration of silica opal with 
ZnS doped Mn. After this early work, they demonstrated the flexibility of the ALD by the opal 
infiltration with TiO2
24, 43
 and specially by the elaboration of ZnS:Mn/TiO2 multilayer inverse 
opal.
44, 45
 Reflectance UV-Visible spectra were recorded in order to follow the shift and 
disappearance / reappearance of the pseudo band gap.
24
 Summers, King, Graugnard et al. brought a 
very important contribution to ALD applied to photonic crystals.
46-48
 Indeed, using a sacrificial 
layer between the high refractive index material and the opal permits the obtaining of non-closed 
packed inverse opal.
23, 49, 50
 Graugnard et al.
50
 reported the coating of synthetic opal by either ZnS 
or Al2O3, acting as a buffer layer, prior to TiO2 or ZnS ALD deposition, respectively. By etching, 
inverted opal are obtained and infiltrated once more by ALD. Simultaneously GaP inverse opal has 
as well been elaborated by ALD infiltration of silica opal. A high filling fraction of the deposited 
material was obtained.
51
 ALD approach was also extended to various materials, as Ta3N5,
52
 ZnO,
53-
56
 GaAs
57, 58
 and W.
59
 Infiltration of silica opal by Al2O3 ALD was used as a model system for PC, 
proving the well suitability of the technique. The high quality of the ALD infiltration was 
highlighted by the good agreement between the experimental and simulated optical behavior, i.e. 
shift and intensity modification of the Bragg peak function of the filling ratio.
40
 Recently, opals 
were used as high aspect ratio templates to study the step coverage of a stop-flow TiO2 ALD 
process, using TiCl4 and H2O as precursors. The filling fraction was determined from the PBG 
position.
60
  
Finally, the tailoring of pore size and architecture of inverse opal were realized by Alessandri et al. 
After infiltration of polystyrene opal with CeO2, and removal of the template, TiO2 ALD was 
performed in order to tune the pores of the obtained inverse opal.
61
  
These ALD elaborated heterostructures have found a wide range of application such as in dye 
sensitized solar cell,
62-64
 solar cell,
38, 65
 photocatalysis,
66
 electrochromic photonic material
67
 and 
surface enhanced Raman spectroscopy.
68-70
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In order to demonstrate the robustness of our ALD approach, the conformal coating of high aspect 
ratio substrates, such as films of nanoparticles, was realized. By combining a solution approach for 
the assembly of nanoparticles (Langmuir-Blodgett technique) with ALD, well calibrated particle 
thin film heterostructures have been elaborated. Indeed, homogeneous mono- or multi-layers of 
particles can be deposited on flat substrates by LB and subsequently homogeneously coated with a 
metal oxide by ALD. While the complete GaAs ALD infiltration of a LB engineered silica opal 
was already reported by Povey et al.,
57
 the combination of the layer by layer Langmuir–Blodgett 
deposition method for the production of complex photonic crystals (e.g., opals containing defect 
layers)
71-73
 with the subsequent and progressive coating of the nanostructure by ALD was not 
reported until the work presented in this manuscript.
74
 In this context, the controlled infiltration of 
opals with TiO2 and the precise tuning of their optical properties will be demonstrated. Combining 
both electromagnetic simulations and experiments, we showed that the PPBG exhibited by a silica 
opal can be fully controlled by ALD of titania into the pores formed by the silica spheres 
constituting the opal. The infiltration was applied to silica opals, deposited using the Langmuir-
Blodgett technique, made of 260 and 285 nm silica spheres, and to heterostructures made of two 
stacks of 5 layers of 280 nm silica particles surrounding a defect layer constituted by a monolayer 
of 430 nm silica particles. With this work, realized in collaboration with Prof. Serge Ravaine (opal 
elaboration) and Dr. Renaud Vallée (simulations) at the CRPP in Bordeaux, France, the ALD 
process was demonstrated to be rather robust and suitable for the coating and elaboration of 
complex nanostructures. The fabrication of structured nanomaterials by ALD infiltration of such 
photonic crystals will be briefly introduced. 
 
 
II. Tuning of the opal band gap by controlled ALD TiO2 infiltration 
 
The infiltration of silica opals was achieved by ALD using titanium isopropoxide and acetic acid as 
precursors.
74
 The opals were synthesized with the LB technique, in Bordeaux, France. In the first 
set of experiments, simple opals made of either 5 or 10 layers of uniform sized particles, were 
investigated. In a second set, once the infiltration was optimized, opals containing one layer of 
defects embodied in a sandwich structure (5 layers, one defect layer, 5 layers) were studied.  
The progressive infiltration was realized by steps of 1.2 nm and between each deposition the UV-
Visible spectrum of the opal was recorded in order to follow the evolution of the optical properties 
and to highlight the high accuracy of our ALD process. 
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II.1. Case of silica opals without defects 
II.1.1. Infiltration of the opals 
Opals made of 5 and 10 layers of 260 and 285 nm diameter SiO2 particles, respectively, were 
infiltrated by titania. Figure III.2a shows the SEM image of a monolayer of the infiltrated SiO2 
opals. A small amount of opal being taken and deposited onto a SEM holder revealed that the opal 
structure is not fully retained, which explains the large voids visible between the particles. 
Nevertheless, from this top view, interspaces between SiO2 spheres appear almost completely 
filled. Almost no interstitials between the spheres (bright contrast in the image) can be noticed, 
being a sign of an effective and nearly complete infiltration of the opal. After silica removal, the 
TiO2 inverse opal structure was recovered. The SEM top view (Figure III.2b) shows the presence 
of periodically aligned monodisperse pores, corresponding to the dark circles in the image. This 
typical porous arrangement, according to reference
75
, can be correlated to a shell structure 
backfilling morphology of the fcc lattice. 
 
Figure III.2. SEM top views of a) TiO2 infiltrated 240 nm SiO2 opal. Filled particle interspaces are 
visible. b) TiO2 inverse opal after removal of the SiO2 scaffold. 
 
SEM images of the ALD-processed silica opal reveal that the structure is homogeneously 
infiltrated with titania (Figure III.3a,b). At higher magnification, the titania coating can be 
distinguished from the silica spheres in regions where the titania film was detached during sample 
preparation for SEM (Figure III.3b). After dissolution of the silica template, the inverted opal 
structure is clearly visible (Figure III.3c). The smaller holes at the surface of the hollow spheres are 
caused by the contact region between silica spheres and are the typical signature of the formation of 
the inverted opal structure after dissolution of the template. TEM images acquired on fractured 
samples highlight the good conformality of the titania coating and the high filling ratio of the silica 
opal (Figure III.3d,e). Regions where the coating is missing due to contact between spheres are 
indicated by the arrows. The energy filtered TEM image recorded using the Ti L edges further 
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proves the presence of a conformal titania coating (Figure III.3f). TEM images of a cross section of 
the annealed opals before (Figure III.3g,h) and after removal of the silica template (Figure III.3i) 
denote the good preservation of the opal structure during annealing and removal of the silica 
template, as well as the induced densification and crystallization in the anatase phase. 
 
Figure III.3. SEM images of the a,b) 285 nm sphere diameter direct silica opal filled with titania, 
c) 260 nm sphere diameter inverse titania opal after removal of the template. d,e) TEM images of 
the 285 nm sphere diameter direct silica opal filled with titania (the arrows denote the contact point 
of the silica spheres during deposition) and f) energy filtered TEM images at the Ti 2p edge 
showing the conformality of the titania coating around the silica spheres. TEM images of cross 
section cuts of the annealed opal (260nm sphere diameter) g,h) before and i) after removal of the 
silica template. Inset: power spectrum of the HRTEM image in h). 
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II.1.2. Optical properties 
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Figure III.4. Experimental extinction spectra of a) 260 nm and b) 285 nm sphere diameter direct 
silica opal progressively filled with titania by ALD. The red line corresponds to the pseudo-band 
gap of the direct opal before impregnation. The orange lines depict the progressive red shift and 
reduction of the photonic pseudo band gap after the first impregnation steps. The green line refers 
to its disappearance. The black lines depict the progressive red shift and increasing of the titania 
filled silica inverse opal PPBG. The blue line corresponds to the annealed infiltrated opal and the 
violet to the band gap of the inverse opal, after removal of the silica scaffold. 
b 
a 
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According to Bragg’s law and its adapted relationship to opal: effBragg Dn63.1 , where D is the 
sphere diameter and neff the effective refractive index, the extinction spectra of the pure silica opal 
structures studied in this work are expected to have a maximum at λ = 572 nm and λ = 627 nm for 
sphere diameters of D = 260 nm and D = 285 nm, respectively. This is experimentally obtained for 
the case of 260 nm and 285 nm spheres, as shown by the red curves in Figure III.4. In both cases, a 
similar trend is observed as a function of the TiO2 infiltration (Figure III.4). Looking at the case of 
the opal made of 285 nm spheres, the increased filling of the pores with titania leads to a shift of 
the PPBG to longer wavelengths. Simultaneously to this shift, the peak amplitude decreases until it 
disappears at around 700 nm. Subsequently, the inverse PPBG starts to appear and grows in 
amplitude, while shifting to longer wavelengths until it reaches λ = 780 nm once the pores are 
completely filled. 
The first step (disappearance of the peak, orange curves) corresponds to the modification of the 
band structure of the direct opal in such a way that the refractive index contrast between the 
constitutive spheres and the surroundings vanishes (green curves). In the present system, this 
happens at a filling fraction r = 6% (cf. section III). In the second step, the index contrast gets 
reversed as the surrounding pores are further filled with a higher index dielectric material, 
refractive index of 2.35 for amorphous TiO2 compared to a value of 1.45 for the case of SiO2. The 
band gap of the resulting inverse opal appears and converges once the opal is completely filled 
(black curves). It is important to notice that the increased extinction at wavelengths below the 
position of the PPBG originates from the increased incoherent diffusion as titania is progressively 
introduced into the structure.
76
  
Once the opal filling was completed, an annealing was realized in order to crystallize the 
amorphous as-deposited titania into anatase. Despite an expected red-shifted position, due to the 
effective refractive index increase expected for anatase compared to amorphous titanium dioxide, a 
blue-shift and increase of the PPBG is noticed (blue curves). This is attributed to a shrinking of the 
structure, leading to the domination of the opposite effect. 
Finally, HF etching of the SiO2 scaffold was realized in order to obtain the inverted opal, as shown 
in Figure III.4b and 3c. A blue-shifted intense PPGB is observed (violet curve in Figure III.4a) in 
agreement with the occurrence of the reduction of the effective refractive index. 
 
II.2. Case of silica opals containing defects 
The controlled insertion of a defect causes a rupture in the periodicity of the photonic crystal and 
induces the appearance of localized states for photons within the gap. Recently, various techniques 
were developed to introduce a planar defect into 3D PCs.
71, 77, 78
 The obtained heterostructures 
present a dip, also called a pass band, inside the stop band in the transmission spectrum. To the best 
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of our knowledge, neither the progressive titania filling by ALD of the direct template nor the 
inversion of such a heterostructure were previously reported. Moreover, the inversion process 
presents the advantage of increasing the quality factor of the pass band. Accordingly, due to the 
versatility of the Langmuir–Blodgett technique, allowing control of the deposition layer by layer, a 
photonic heterostructure made of two stacks of five layers of 280 nm diameter silica host particles 
surrounding a defect layer constituted by a monolayer of 430 nm diameter silica guest particles, 
was produced. In the next step, the silica template was filled with titania by ALD. Figure III.5 
shows the extinction spectra experimentally obtained.  
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Figure III.5. Experimental extinction spectra of a direct silica opal, constituted of two stacks of 
five layers of 280 nm diameter silica host particles enclosing a planar defect layer made of a 
monolayer of 430 nm diameter particles, progressively filled with titania by ALD. The red line 
corresponds to the pseudo-band gap and the pass band of the direct opal. The orange lines depict 
the progressive red shift and reduction of the direct opal photonic pass gap. The green line refers to 
its disappearance. The black lines depict the progressive reappearance of the photonic pass band of 
the titania filled silica inverse opal.  
 
As predicted by theory and simulations, the introduction of a defect layer introduces a pass band in 
the PPBG of the direct opal. This pass band manifests as a dip at ~610 nm, as seen in the extinction 
spectra. The progressive titania ALD filling of the template induces a red shift of the high 
wavelength edge of the PPBG together with its pass band (orange lines), followed by the 
disappearance of the pass band (green line). The low wavelength edge of the PPGB did not 
significantly move. Further filling induces a blue-shift reappearance of the pass band within the 
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PPBG in inverse geometry (black lines) prior to progressively shifting more to the red as the filling 
ratio further increases. In the inverse geometry both, the low and the high wavelength edges of the 
PPBG, move together with the pass band. 
 
 
III. Theoretical calculation 
 
In order to combine both electromagnetic simulations and experiments, theoretical calculations 
were realized using fully-vectorial eigenmodes of Maxwell’s equations computing and finite-
difference time-domain (FDTD) simulations. The FDTD modeling technique is a powerful tool to 
treat time-dependant Maxwell’s equations by their fine discretization. This work was performed by 
Dr. Renaud Vallée of the CRPP, University Bordeaux 1 in France.  
 
The studied opals elaborated by the Langmuir-Blodgett technique present a face centered cubic 
arrangement.
79
 Considering a primitive fcc cell, opals can be then seen as a 3D-periodic lattice. The 
corresponding 1
st
 Brillouin zone, volume defined by equidistant surfaces from one point of the 
system and its neighbors, schematized in Figure III.6, is characterized by the critical points: Γ, K, 
L, U, W and X. 
 
Figure III.6. Representation of the 1
st
 Brillouin zone of a fcc lattice
80
 and position of its 
characteristic points.
81
 
 
The propagation of light through a periodic crystal is driven by the four macroscopic Maxwell’s 
equations. Assuming the crystal being macroscopic and isotrope, the light interacts with the 
material structure similarly to electrons with atom lattice. Therefore, as a crystal presents periodic 
Coulomb’s potential, the 3D structure can be seen as periodic variation of the dielectric function of 
the material. Shortly, by solving the Maxwell’s equation as a function of time and space 
dependences, eigenvectors are calculated depending on the structure symmetry.
12
 Hence, by 
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general symmetry consideration, the electromagnetic modes can be defined and the Bloch’s 
theorem permits the determination of the photonic crystal band structure.
12
  
 
Photonic band diagrams of the silica opals progressively filled with titania were simulated as a 
function of the filling ratio, expressed as the ratio r between the titania coating shell thickness and 
the silica sphere diameter. The diagrams are shown in Figure III.7 for four particular cases. The 
direct silica opal (Figure III.7a) exhibits a ΓL PPBG between the second and third bands with a 
width to position ratio of 5.22%, in agreement with values reported in the literature.
23
 The 
progressive filling of the direct opal with titania, in a conformal type of growth, leads to a red shift 
of the ΓL PPBG, ranging from an adimensional frequency (in c/a, where c is the speed of light and 
a the lattice parameter) of 0.65 for the direct opal to 0.51 for the infiltrated opal with a ratio r = 
13.1% (Figure III.7c). This is in agreement with the Bragg’s law adapted to opals: 
effeffBragg Dnnd 63.12 111  . Simultaneously to this red shift, a flattening of the bands is 
observed. The latter is the result of the increased effective refractive index: 
222
2222 airairTiOTiOSiOSiOeff
nnnn  . 
 
Figure III.7. Simulated band structures a) of the direct silica opal, b) of a titania partially or c) 
completely conformally filled silica opal and d) of a pure titania inverse opal, obtained by 
conformal growth of titania around the air pores. The filling fractions of titania in the anatase phase 
of these last three structures are r = 4.1%, r = 13.1% and r = 13.1%, respectively. 
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Here, 74.0
2
SiO  and 45.12 SiOn , 2TiO  and 7.22 TiOn  (anatase) or 35.22 TiOn  
(amorphous), air  and 1airn  are the filling fractions and refractive indexes of silica, titania and 
air, respectively. The filling fractions are constrained to the condition that 
1
22
 airTiOSiO . The progressive filling of the silica direct opal with anatase induces a 
narrowing of the ΓL gap width, until the PPBG vanishes at about r = 4.1% (Figure III.7b). This is 
followed by the appearance of the inverse PPBG, which reaches a width to position ratio of 7.45% 
at r = 13.1% (Figure III.7c). The monotonic decrease of the adimensional frequency together with 
the sequence of narrowing - disappearance - reappearance - broadening of the ΓL pseudo-gap as a 
function of the filling ratio r is best illustrated in Figure III.8. The simulation gives a similar result 
in the case of amorphous titania, with only slightly different threshold values: the PPBG disappears 
at r = 5.8% and the inverse photonic pseudo band gap reaches a width to position ratio of 4.9% at r 
= 13.1% (Figure III.8). The band diagram of the titania (anatase) pure inverse opal was also 
simulated. In that case, a larger width to position ratio of 14.78% is obtained at the adimensional 
frequency of 0.608 for a coating thickness to pore diameter ratio of r = 13.1% (Figure III.7d). The 
opening of the full PBG between the 8
th
 and 9
th
 bands for an inverse opal with an index contrast of 
2.7 is clearly visible in the figure. 
 
Figure III.8. Evolution of the frenquency shift (solid lines) and width (vertical interdistance 
between the dash or dot lines) of the ΓL PPBG as a function of the filling fraction r, expressed as 
the coating thickness divided by the sphere diameter in the cases of amorphous (solid line between 
dot lines) and anatase (solid line between dash lines) titania. 
 
 
 
                                                                     Chapter III. ALD coating of films made of nanoparticles 
85 
IV. Comparison experimental and theoretical results 
 
In order to demonstrate the robustness of the ALD approach used in this PhD thesis, the obtained 
experimental results were compared to the simulated one. For better visibility theoretical and 
experimental spectra were plotted, in this section, next to each other. 
 
IV.1. Case of silica opals without defects 
The comparison between the theoretical and experimental plots reveals two main features. Firstly, 
the good quality of the grown photonic crystals becomes evident from observing the low 
wavelength range of the extinction spectra (Figures III.4 and III.9). The secondary periodic 
oscillations, so-called ‘‘Fabry–Perot’’ fringes, are due to interferences of light propagating among 
various optical paths back and forth in the structure. They appear in a spectral region where the 
dispersion relation is linear.
82
 In this region, the crystal can be assimilated to a homogeneous 
transparent medium with an effective refractive index. Only good quality crystals, with a 
homogeneous optical thickness, can exhibit ‘‘Fabry–Perot’’ fringes. It is important to point out the 
excellent matching between the spectral positions of the fringes observed on both theoretical and 
experimental extinction spectra. Furthermore, a good agreement between the simulated and 
experimental typical positions, such as position of the PPBG of a) the direct opal, b) after the first 
infiltration step and c) the disappearance of the PPBG, can be visualized in the Figure III.9. As 
discussed above, a good “Fabry-Perot” fringes concordance can be noticed after the 1st deposition 
step. It appears therefore that our ALD process permits to conformally deposit metal oxide with a 
controlled thickness down to the nanometer. 
Secondly, Figure III.9d also reveals that the theoretical spectrum shows a slightly reduced shift in 
the spectral position of the peaks at maximum filling. This discrepancy is due to the fact that the 
opal obtained by the Langmuir–Blodgett deposition is not fcc close packed, as simulated here. It is 
better described as a (2 + 1)D photonic crystal resulting from the stacking in a one-dimensional 
(1D) lattice of prepacked two-dimensional (2D) colloidal crystals.
83
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Figure III.9. Comparison of characteristic positions obtained experimentally (full lines) and 
theoretically (dotted lines). a) position of the PPBG of the direct opal, b) red-shift of the PPBG 
after the 1
st
 infiltration step, c) disappearance of the band gap after 10 filling steps and d) position 
of the inverse opal after annealing. 
 
The lack of a strict correlation between successive monolayers induces a greater d111 of the LB 
films as compared to the equivalent photonic crystal grown by controlled evaporation (fcc).
57
 
Consequently, a higher void volume fraction of the overall structure leads to a significantly 
increased composite dielectric constant, and thus to a larger shift in the Bragg peak after ALD 
infiltration. Evidence for this is provided by the spectra recorded from the fully filled samples after 
annealing (Figure III.4b, blue curve). It shows a blue shift of the extinction spectrum, which is 
opposed to what would be expected solely from the transformation of the amorphous titania phase 
into anatase, where the increased refractive index would lead to a red shift of the PPBG (cf. Figure 
III.8 for the evolution of the adimensional frequency in the amorphous and anatase cases). This is 
an indication of the fact that the relaxation/densification of the structure overcompensates the 
increase of the refractive index upon annealing, underlining the explanation given above.  
In Figure III.10a, the comparison between the extinction spectrum of the annealed sample and the 
simulated spectra of silica opals conformally filled with anatase is shown. The best matching of the 
extinction spectra, with a maximum at λ = 740 nm, occurs for a theoretical filling ratio of 9.7%. 
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Such a filling fraction is larger than the theoretical maximum expected from the geometrical 
arrangement of silica spheres in perfectly close packed (111) planes, for which the filling would 
end, because of the closing of the structure, at a ratio r = 7.75%.
23
 The larger filling ratio, obtained 
through compacting of the structure by the annealing process, is another indication of the non-fcc 
close packing of the direct opal.  
As presented in the section II.1.2 the whole study was repeated on a silica template constituted of 
spheres with a diameter D = 260 nm. Figure III.10b shows the experimental extinction spectra 
obtained for the fully filled silica template before and after annealing, as well as the extinction 
spectra of a pure titania inverse opal. The latter was obtained after removal of the silica spheres by 
HF treatment (cf. HRTEM image, Figure III.3i). In agreement with the above, the extinction 
spectrum after annealing is blue-shifted. After removal of the silica template, the extinction 
spectrum is further blue-shifted due to the reduction of the effective refractive index. For 
comparison, Figure III.10b also presents the theoretical extinction spectra calculated for a 
conformal coating of the silica opal with anatase and the corresponding inverse opal. In excellent 
agreement with the results obtained in the case of the larger silica spheres, the best matching is 
obtained for a theoretical filling ratio of r = 10.2%. 
 
Figure III.10. Experimental and simulated extinction spectra of a) 285 nm or b) 260 nm sphere 
diameter direct silica opals fully filled with titania by ALD. a) The black solid curve pertains to the 
extinction spectrum of the opal after annealing. The dotted curves pertain to the simulated 
extinction spectra for anatase titania with filling fractions r ranging from 9.7 to 10.2 and 13.1% 
(from left to right). The best agreement between experiment and theory is found for r = 9.7%. b) 
The green solid line (blue solid curve) pertains to the extinction spectrum of the opal prior (after) 
annealing. The black solid curve pertains to the extinction spectrum of the annealed opal after HF 
treatment, inducing removal of the silica particles. The red curves pertain to the simulated 
extinction spectra of anatase titania-filled silica direct opal (dotted curve) and pure anatase titania 
inverse opal (circles) with a common filling fraction r = 10.2%, matching the best the 
corresponding experimental spectra in both cases. 
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IV.2. Case of silica opals containing defects 
Figure III.11 shows the extinction spectra obtained both experimentally and by FDTD simulations, 
for SiO2 opal containing one defect layer. The SEM transversal view of the heterostructure is also 
shown in Figure III.12a and a cut in the yz plane of the FDTD simulated heterostructure in Figure 
III.12b. The good ordering of the structure is clearly visible. A slight positional disorder generated 
in the layer situated on top of the guest particles layer is also observed, as already reported 
previously.
72
 
The Figure III.12 shows the main difference between the experimentally engineered and simulated 
heterostructures: while the defect layer is constituted of host silica particles arranged in a 
hexagonally packed monolayer in the built opal, it is approximated to a block of the same thickness 
but with an effective refractive index material (n = 1.35) in the simulations. Although such an 
approximation was very successful in modeling the direct heterostructures,
72
 this is not the case for 
the filled opal. Indeed, on the experimental side, the conformal growth will take place everywhere, 
including the surrounding of the host particles, while in the simulated case this conformal growth is 
effective only around the two guest particles, as exemplified in Figure III.12. Such a difference will 
have an impact on the optical properties of the system. The predicted pass band manifests as a dip 
at 612 nm, as seen in the extinction spectra (Figure III.11a dotted line). The simulated progressive 
titania ALD filling of the direct template induces a red shift of the PPBG together with its pass 
band (Figure III.11b, dotted lines), followed by its disappearance (Figure III.11c, dotted line), and 
the reappearance and red shift of the PPBG together with its pass band (Figure III.11d, dotted lines) 
in the inverse opal geometry. Note the monotonous red shift of the pass band as a function of the 
filling. The superposition between experimental (full lines) and simulated (dotted lines) curves in 
Figure III.11 shows a similar tendency but with slight variations (cf. section II.2.). In contrast to 
what happens in the simulations, after disappearance of the pass band, further filling induces a 
blue-shifted reappearance of the pass band within the PPBG in the inverse geometry (Figure 
III.11d) prior to progressively shifting more to the red as the filling fraction further increases. As a 
whole, the main differences between simulations and experiments are a reduced and non-
monotonous red shift of the pass band as a function of the filling fraction, together with a non-
complete disappearance of the PPBG (e.g. the low wavelength edge persists, cf. Figure III.11c) in 
the experimental extinction spectra. We tentatively attributed these discrepancies to the 
approximation made in order to simulate the defect layer. The increased intensity observed in the 
blue region of the experimental spectra is due to diffusion by unintentional defects introduced in 
the structure (Figure III.12a), which were not taken into account in the simulations.  
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Figure III.11. Comparison of characteristic positions obtained experimentally (full lines) and 
theoretically (dotted lines) of a heterostructure constituted by a defect layer of 430 nm diameter 
guest silica particles comprised between two stacks of 5 layers of host silica particles of 280 nm 
diameter progressively filled with titania by ALD. a) corresponds to the opal before infiltration, the 
curves in b) depict the progressive red shift and reduction of the direct opal photonic pass band. 
The lines in c) depict its disappearance. d) depicts the progressive red shift and increasing of the 
titania filled silica inverse opal pass band. 
 
Figure III.12. a) SEM transversal view of the heterostructure constituted by a defect layer of 430 
nm diameter guest silica particles comprised between two stacks of 5 layers of host silica particles 
of 280 nm diameter, before infiltration. b) Representative of simulated heterostructure, cut in the 
yz-plane. 
Chapter III. ALD coating of films made of nanoparticles  
90 
V. Infiltration of silica opals for nanostructured particle elaboration 
 
Nanostructured core-shell and hollow particles can be elaborated using the conformal ALD 
infiltration of opals. Indeed, each particle constituting an opal is homogeneously coated with the 
exception of its contact points with its neighbor remaining uncoated. By breaking the opal after 
ALD coating, core-shell particles are obtained, presenting a pattern of 12 holes in the shell. 
Subsequent removal of the opal material permits obtaining hollow nanostructured spheres.  
 
Figure III.13. a,b) SEM images in electron backscattering mode of 20 nm thick TiO2@SiO2 
particles of 720 nm diameter. The absence of titania on specific spots is clearly visible on each 
silica particle, corresponding to the contact points with the neighbor particles in the fcc structure of 
the opal. c,d) SEM images of the TiO2 shell after removal of the SiO2 particles by HF etching. The 
initial shape of the silica remains, no collapsing of the structure is noticed leading to the formation 
of hollow particles with 20 nm thick wall and 720 nm of inner diameter as shown in d). 
 
For instance, opals made of 720 nm diameter SiO2 particles were elaborated by the Stöber method 
combined with LB technique, then filled with 20 nm TiO2 by ALD and finally broken by ultra-
sounds. In Figure III.13a,b, the homogeneous metal oxide layer can be nicely seen due to its bright 
contrast compared to the silica sphere. The darker regions visible on the surface of the particles 
correspond to holes in the titania shell. Actually, due to the contact points between the silica 
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particles in the fcc opal structure, the precursors could not diffuse and these areas remain therefore 
uncoated. After the silica etching by HF treatment, the titania shell remains intact forming a hollow 
sphere with periodic holes on the surface (Figure III.13c,d). A granular aspect of the anatase TiO2 
is visible in Figure III.13d.  
Following the same principle, by surface engineering, different core-shell particle morphologies 
could be obtained. The PhD dissertation of Mélanie Ferrié reports on some examples of the opal 
infiltration used for the elaboration of nanostructured particles.
84
 
 
 
VI. Conclusions 
 
In conclusion, it was demonstrated both by simulations and experiments that the impregnation of a 
direct silica opal by a NHSG ALD process, allows to precisely control the optical properties of a 
photonic crystal. The approach further permits to modulate the photonic band structure and the ΓL 
pseudo-gap in a controlled manner. This is important for practical applications such as optical 
filtering. The agreement between theory and experiments is remarkable and demonstrates the 
ability of the simulations to make predictive statements. Furthermore, this work demonstrates that 
the ALD approach introduced by our group, based on carboxylic acids as oxygen source, is robust 
and can be used for precisely coating nanostructured materials with sub-nanometer thickness 
control. It was also shown that the combination of the Langmuir-Blodgett technique with ALD 
permits the controlled engineering of complex structures leading to additional features such as the 
control of pass bands in opals containing defects. Finally, the ALD infiltration approach can be 
used for the controlled elaboration of nanostructured particles. 
 
Perspective  
In the next step, the experimental results on opals containing defects, presented here, will be 
compared to new types of simulations combining molecular dynamics and FDTD taking into 
account more precisely the actual composition of the defect layer and the (2+1)D instead of the fcc 
structure of LB obtained colloidal crystals. Furthermore, an experimental architecture consisting in 
a block defect layer instead of the hexagonally packed monolayer of host particles will also be 
produced and compared to the herein presented calculations. 
This work could be also extended to opals containing luminescent particles in order to control their 
emission spectra. Indeed, considering a chromophore with large emission spectra, it is of interest to 
be able to tailor the width and the maximum position of its emission. Thus, the tuning of the pass 
band appears a suitable approach. 
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VII. Experimental part 
 
Opal fabrication by Langmuir-Blodgett technique 
Silica particles of 260, 285 and 430 nm in diameter were synthesized following the well-known 
Stöber–Fink–Bohn method85 from tetraethoxysilane (TEOS, Fluka) and ammonia (29% in water, J. 
T. Baker). Their functionalization with aminopropyltriethoxysilane (APTES) (Aldrich) was carried 
out as previously described.
73
 Large excess of APTES was added to the silica particles. To ensure 
the anchoring of the molecule, the system was heated at 90 ºC for 2h.
73
 Multilayer colloidal crystals 
were fabricated by the Langmuir–Blodgett technique.71, 73 The Langmuir monolayer was 
compressed step-by-step at room temperature (~20 °C) until a surface pressure of ca. 6 mN m
-1
 was 
reached. For the transfer of the monolayer, a dipping speed of 5 mm min
-1
 was used. Under these 
conditions, opals consisting of 1, 5 or 10 layers of silica spheres were deposited on glass substrates.  
 
TiO2 infiltration by ALD 
The opals were conformally coated with titania in a home-made ALD reactor working in exposure 
mode (shown in chapter 1). The deposition was done simultaneously on opals and on reference p-
type Si (100) wafer for thickness measurements. Titanium isopropoxide and acetic acid were used 
as metal and oxygen precursors, respectively.
86
 The deposition took place at 200 °C, while the 
precursor lines were maintained at 80 °C and the purge circuit at 100 °C. The metal and carboxylic 
acid precursors were kept in reservoirs at 80 and 30 °C, and delivered to the chamber through ALD 
pneumatic valves. Pure nitrogen was used as the carrier gas with a constant flow of 5 sccm. The 
deposition parameters were 0.03 s (1 s) for the acid (alkoxide) pulses, the residence and purge time 
were 20 and 15 s, respectively. The infiltration was done by 30 sets of depositions, each consisting 
of 20 ALD cycles with a GPC of 0.6 Å/cycle. 
After complete infiltration of the opals, they were annealed for 4 h at 600 °C in a tubular oven, with 
a temperature ramp of 10 °C min
-1
. The pure inverse opal was simply obtained via the removal of 
the silica template by immersion in a HF bath (3% concentration) during 30 min. 
 
Optical and electron microscopy characterizations 
The spectral properties of the opals were measured after each set of depositions by UV-Visible 
spectroscopy in extinction mode, by a Jasco V-560 spectrophotometer, over a range from 350 to 
900 nm. The thickness of the as-deposited titania film on the reference Si wafer was measured by 
X-Ray reflectometry, using a Philips X’Pert MRD X-ray diffractometer with a copper radiation and 
a graphite monochromator for the selection of pure Kα radiation. The X-ray tube was operated at 
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40 kV and 50 mA. A 1 mm slit was used in order to reduce the scattered X-ray intensity. 
Measurements were performed in low-resolution experimental set up with the following 
instrumental configuration: divergence slit at the incident beam: 1/8 in.; step width: 0.005°; 
acquisition time: 1 s. The samples were structurally characterized by high resolution scanning 
electronic microscopy prior to and after the complete infiltration, as well as after removing the 
silica template. The SEM characterization was performed using a JEOL JSM 6700-F and a Hitachi 
SU-70 SEM, operated at 5 kV and 15 kV, respectively, in secondary electron and backscattering 
electron mode. The samples were Au-coated and observed in cross-section. High resolution 
transmission electron microscopy and electron energy loss spectroscopy measurements were 
performed using a CM200FEG (Philips) microscope operated at 200 kV. The microscope is 
equipped with a field emission gun and a GATAN Tridiem postcolumn electron energy loss 
spectrometer.  
 
Simulation details 
Simulations were performed in two steps. Firstly, in order to determine the photonic band structure 
of the various samples, fully-vectorial eigenmodes of Maxwell’s equations with periodic boundary 
conditions were computed by preconditioned conjugate- gradient minimization of the block 
Rayleigh quotient in a planewave basis, using a freely available software package.
87
 The 
eigenfrequencies up to the twelfth band were computed for 100 equally spaced k points along each 
high frequency direction (XULΓXWK) of the first Brillouin Zone. The irreducible Wigner–Seitz 
cell (WSC) was divided into 32 768 segments, defining the spatial resolution. Similar simulations 
were performed to calculate the photonic local density of states in direct silica opals.
88
 Secondly, in 
order to calculate the optical extinction spectra, finite-difference time-domain (FDTD) simulations 
were performed,
89
 using a freely available software package with subpixel smoothing for increased 
accuracy.
90
 The computational cell, in which the incoming wave propagates along the z direction, 
has been implemented with periodic boundary conditions in the x and y directions, and perfectly 
matched layers (PMLs) in the z direction. The resolution of the grid has been refined such that the 
convergence of the results was ensured. In all simulations, the direct opals have been represented 
by monodisperse spheres of a given size (285 or 260 nm) and dielectric constant (ε = 2.1) in an 
arrangement corresponding a face-centered cubic (fcc) lattice.
72
 In the FDTD simulations, the 
lattice has been limited to 10 planes normal to the direction [111], in agreement with the planned 
experimental conditions. The resulting crystal was placed on a substrate with a dielectric constant 
of 2.3. In order to simulate the growth of titania (amorphous with ε = 5.52, anatase with ε = 7.29) in 
the pores left by the direct opal during the ALD process, the original silica spheres were 
surrounded by interpenetrating titania shells of higher radius. 
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The novel SnO2 process, introduced in Chapter II, was applied for the coating of carbon and BN 
nanotubes. It allows the coating of the inner and outer surface of multiwalled carbon nanotubes 
with a highly conformal film of controllable thickness. However, a certain degree of defects and/or 
functional surface groups is required to initiate the film growth, as demonstrated by the remained 
uncoated CNT ends, being highly graphitic, and the inhomogeneous coating of the BN nanotubes. 
Indeed, the chemical inertness of graphite and, in the case of tubes, of rolled up few layer graphene 
sheets, requires some degree of “defect engineering” for the fabrication of carbon-based 
heterostructured materials. It is shown that atomic layer deposition provides a means to specifically 
label anchoring sites and can be used to characterize the surface functionality of differently treated 
carbon nanotubes. Direct observation of deposited titania by analytical transmission electron 
microscopy reveals the location and density of anchoring sites as well as structure related 
concentrations of functional groups on the surface of the tubes. Controlled functionalization of the 
tubes therefore allows to tailor the distribution of deposited material and hence, the fabrication of 
complex heterostructures.  
 
 
I. Introduction 
 
As shown in Chapter I, atomic layer deposition provides an elegant, efficient and well controllable 
way to coat high aspect ratio nanostructures with a homogeneous and conformal film of precisely 
defined thickness.
1-3
 As such, it is ideally suited for the fabrication of complex heterostructures and 
functional materials.
4-6
 Due to their outstanding properties, carbon nanotubes constitute ideal 
components for such heterostructures. As a matter of fact, as presented in the introduction chapter, 
ALD has already been successfully applied for the coating of CNTs.
7-14
 However, since the 
initiation of film growth requires the presence of functional surface groups and defect sites that act 
as anchoring and nucleation sites,
15, 16
 the inert nature of high quality tubes with graphitic surface 
leads to non- or incomplete coating. Depending on the density and nature of functional surface 
species principally two ALD growth modes can be expected.
3
 If the density of surface anchoring 
sites is high enough to allow the ALD precursors to completely react with the substrate, a 2D 
growth mode is favored. Otherwise, an island growth mode is favored. In this case, the subsequent 
material is preferentially deposited onto the ALD material already deposited in preceding cycles. In 
intermediate cases, the growth mode may be first island growth, and when the islands have 
coalesced to form a continuous layer, 2D growth may occur. Therefore, controlled tailoring of the 
type, degree and density of functionalization of the CNTs surface would allow to tune the coating 
from selectively decorated to fully coated CNTs. This is certainly of interest for applications 
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requiring functional materials based on heterostructured CNTs. Principally, two types of surface 
functionalization can be distinguished: covalent and non-covalent. The most commonly employed 
type (prior to ALD) is the covalent functionalization by treatment of pristine CNTs with mineral 
acids such as HNO3 or other strongly oxidizing agents (e.g. O3). It permits to generate oxygenated 
functional surface groups such as alcohol, ketone, ether, carboxylic acid and ester, which pave the 
way to an endless possibility of further attachments.
17, 18
 On the other hand, non-covalent 
functionalization is mainly based on supramolecular complexation using various adsorptive and 
anchoring forces, such as van der Waals and π-π interactions, hydrogen bonding and electrostatic 
forces. As a prominent example, defect free suspended SWCNTs could be conformally coated with 
Al2O3 by ALD, after a NO2 pretreatment. In this case, NO2, which reversibly physisorbs on the 
SWNTs, acts as anchoring site for further oxide growth.
8, 9
  
The study of the location of defects on CNTs was already carried out using different approaches 
either for the labeling or for the monitoring. Labeling can be pursued by several techniques such as 
electrodeposition,
19
 nanoparticle attachment in solution
20, 21
 and exposure to gas phase reactants.
22
 
Each of these techniques shows some limitations in terms of accuracy; nanoparticles can be also 
deposited onto the non-functionalized part of the nanotube and not all of the functional groups 
would react with a nanoparticle. In the case of processing, electrodeposition requires the CNTs to 
be contacted at multiple positions by lithography, for example. Furthermore, monitoring defects by 
spectroscopy techniques e.g. Raman
23
 or photoluminescence
21
 do not offer a spatial resolution high 
enough to map the defects at the nanometer scale. Alternative techniques that provide atomic 
resolution such as scanning tunneling microscopy (STM) or AFM are limited in the study of 
complex nanostructured materials and allow to only scan a small region of the sample.
19, 20
  
In this chapter, in order to demonstrate the versatility of the novel tin dioxide ALD approach, the 
coating of CNTs and boron nitride (BN) nanotubes will be presented. A conformal granular as-
deposited tin dioxide layer was observed except at the tube ends, which are too graphitic to allow a 
growth initiation. This finding was further confirmed by the BN nanotube coating. Using TiO2 
deposition, we will demonstrate that ALD, in combination with high resolution and analytical 
transmission and scanning electron microscopy, appears the technique of choice to map anchoring 
sites on nanostructured supports and to study the distribution of functional groups as a function of 
structure and functionalization treatment. Finally, the tuning of the CNT surface functionalization 
will be applied to tailor SnO2 and ZnO ALD deposition. The interest for application-directed 
design of functional heterostructured CNT based materials will be therefore established. 
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II. Elaboration of SnO2@CNT heterostructures 
 
The novel tin oxide process, introduced in Chapter II, was applied to the coating of commercial 
stacked-cup carbon nanotubes (from Pyrograf Products, grade PR-24-PS). It allows the coating of 
the inner and outer surface of carbon nanotubes with a highly conformal film of controllable 
thickness.
24
 Prior to ALD, CNTs were functionalized with nitric acid at 100 ºC for 2 h. The coated 
CNTs were characterized by SEM and TEM. A homogeneous coating of the tubes is indicated by 
the SEM and EDS observation (Figure IV.1). The CNTs tend to form balls, as shown in Figure 
IV.1a. In the EDS mapping, Figure IV.1b, the Sn element, represented by the green color, is 
homogeneously localized on the CNT balls and does not seem present in the area of the picture 
where the CNTs are absent. Furthermore, no CNT appears uncoated. Additional details about the 
deposited films are revealed by the TEM investigations (Figure IV.2). In these images, the 
distribution of the heavier (higher atomic number) SnO2 on the surface can be clearly observed. 
Especially, high angle annular dark field imaging in STEM is suitable, as the contrast can be 
chosen such that the carbon support remains nearly invisible whilst the coating can clearly be seen. 
This is shown for the case of a final compartment of a bamboo like carbon nanostructure and for a 
fish-bone carbon nanotube in Figures IV.2a and c, respectively. For comparison, high-resolution 
TEM images recorded from similar structures are also shown (Figure IV.2b,d). While the dark 
contrast, due to the coating of the surface, is relatively homogeneous in the HRTEM images, a 
granular and particulate aspect of the deposited film can be seen in the dark field STEM images 
(Figure IV.2a,c).  
 
Figure IV.1. SEM image of coated carbon nanotubes and nanofibers is shown in a), the 
corresponding EDS map in b) shows the distribution of Tin, color coded in green. 
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Figure IV.2. a) Dark field STEM image recorded with a high angle annular dark field detector and 
b) a high resolution TEM image recorded from a bamboo like CNT reveal the presence of a thin 
layer of electron dense material on the inner and outer surface of the final compartment. In c) and 
d) the distribution of the SnO2 is shown for the case of a hollow carbon nanotube. 
 
The particulate structure of the film is confirmed by high resolution TEM images that were 
recorded in regions where the thickness of the supporting carbon structure is very low (Figure 
IV.3b). Close inspection reveals small contrast variations due to lattice fringes of nanometer sized 
crystalline SnO2 particles. Only the HRTEM observations and Fourier filtered images show the 
nanocrystallinity of the film and allow the conclusion of the formation of tetragonal phase SnO2, 
certainly embedded into an amorphous phase. Indeed, XRD patterns recorded on coated carbon 
nanotubes did not reveal any peak related to tin oxide. Due to the crystallite size and the broad 
background signal of the possible SnO2 amorphous phase, the broad expected reflections probably 
remain blended with the background.  
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Figure IV.3. High-resolution TEM images showing the coated inner and outer surface of the fish-
bone structured hollow carbon nanotube. Inset of panel a) overview TEM image of the tube shown 
in a). In thin regions, where the background contrast due to the carbon substrate is weak, fringes of 
the crystalline SnO2 nanoparticles can be observed. It is enhanced in the Fourier filtered inset of 
panel b), generated using the 200 d-spacing of rutile SnO2. The deposition temperature was 200 °C.  
 
The thickness of the tin oxide layer, estimated from the high resolution TEM images, is around 3-
3.5 and 2.5 nm in Figures IV.2a,b and IV.2c,d, respectively. In comparison, the thickness extracted 
from XRR on flat silicon substrates was 20 nm and 11 nm, respectively (Figure IV.4). The dotted 
red curves in Figure IV.4 correspond to simulated curves of 20 and 11 nm thick SnO2 films. The 
position of the interference fringes of the measured samples are in good agreement with the 
theoretical fringes for films of equivalent thicknesses. The experimental critical angles present an 
important variation compared to the simulation. Indeed, due to the experimental set up of the 
diffractometer, its shape and position are not accurate. Therefore, it cannot be considered for fitting 
and the determination of the material density. Interestingly, the measured thickness was always 
lower in the case of the coated tubes compared to the values obtained from reflectometry 
measurements performed on flat silicon substrates. Hence, even though both were coated during 
the same deposition processes, different growths per cycle were obtained for the tubes and the Si 
wafer. The reason for this behavior is not yet fully understood. The observation is also in 
disagreement with previous results obtained for a similar ALD process, where TiO2, HfO2, and 
V2O4 showed the same growth on a wafer and nanotubes.
13, 25
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Figure IV.4. XRR curves of SnO2 films on Si wafer (full lines) with a thickness of a) 11 nm and b) 
20 nm, respectively, the dotted lines correspond to the simulated curves for samples with 
equivalent thicknesses. 
 
In the case of the hollow carbon nanotubes, which are the main constituents of the Pyrograf 
Products (CNTs coated in this work), the walls are made up of stacked graphite cones. The oblique 
stacking of the graphene layers, with respect to the fiber axis, gives rise to the fish-bone like aspect 
of graphitic planes in high-resolution TEM. As a consequence of the stacking, the surface of the 
tubular structures terminates with graphitic planes only at the beginning and ending (cf. Figure 
IV.3a). While the presence of pyrolitic carbon is noticed on the surface of the CNT walls, the tips 
appear nearly free of amorphous carbon. As evidenced by the Figures IV.2c and IV.2d, the coating 
is homogeneous on the inner and outer walls of the tubes, whereas the exposed graphitic planes 
often remain uncoated. This demonstrates very well that the initiation of film growth requires a 
certain degree of functionalization or the presence of defects in order to create anchoring points, as 
previously noticed by Cavanagh et al.
7
  
The requirement of an anchoring site for the initiation of film growth is also nicely demonstrated 
by coated boron nitride tubes. No treatment of the tubes was performed prior to ALD deposition. 
Inhomogeneity of the deposited film, such as those observed in the Figures IV.5a and IV.5b, could 
be related to the distribution of defective sites on the surface of the tubes. Similar observation of 
the relation between film growth and presence of defects was observed by Ferguson et al. in the 
SiO2 ALD onto BN nanoparticles.
26
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Figure IV.5. Boron nitride tubes after deposition of SnO2 at 200 °C. The darker contrast in the 
TEM images is due to SnO2. As shown in the overview image in a) and at high resolution in b), the 
film is not homogeneous, indicating that the density of anchoring sites is insufficient for a complete 
and homogeneous coating of the tubes. 
 
By the novel SnO2 approach presented in Chapter II, the coating of CNTs and boron nitride 
nanotubes can be achieved. The deposition allows the coating of the inner and outer walls of 
carbon nanotubes by a SnO2 film. Due to the growth type, a particulate homogeneous film, made of 
embedded rutile crystalline phase nanoparticles, was obtained. Nevertheless, the film growth 
requires the presence of anchoring sites as indicated by the absence of coating on exposed graphitic 
layers and on defect free regions of the boron nitride nanotubes. 
 
 
III. Labeling and monitoring of CNT defects with TiO2 ALD 
 
The chemical inertness of graphite and, in the case of tubes, of rolled up few layer graphene sheets, 
requires some degree of “defect engineering” for the rational fabrication of CNT-based materials. 
Tessonnier et al.
27
 demonstrated that the degree of graphitization of the tube walls influences the 
type and density of surface groups created during the functionalization by nitric acid treatment. In 
collaboration with Dr. J.P. Tessonnier, we demonstrated that our ALD process can be used as a 
means to specifically label the anchoring sites (CNT defect and/or functional surface groups) on 
differently pre-treated tubes.
28
 In this part of the thesis, it is shown that differences in initiation of 
film growth can be well monitored by analytical electron microscopy. Direct observation of 
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deposited material reveals the location and density of anchoring sites as well as structure related 
concentrations of functional groups on the surface of the tubes. The study therefore provides a 
direct feedback on the degree of functionalization as a function of CNT pre-treatment. 
 
III.1. Presentation of CNTs used for this work 
In order to characterize the surface functionality of differently treated CNTs, three commercial 
stacked-cups carbon nanotubes (see scheme Figure IV.6) were purchased from Pyrograf Products. 
The different grades correspond to a particular heat treatment, i.e. product PR24-PS treated at 700 
°C, PR24-LHT at 1500 °C and PR24-HHT at 3000 ºC. The CNTs exhibit average outer and inner 
diameters of 85 and 40 nm, respectively, independently of the applied annealing temperature. 
Before ALD deposition, the CNTs were functionalized by acidic treatment. For the sake of clarity, 
the oxidized PR24-PS, PR24-LHT and PR24-HHT samples were labeled CNT700, CNT1500 and 
CNT3000. Part of the CNT700 sample was further partially defunctionalized and therefore labeled 
CNT700D. 
 
Figure IV.6. Pyrograf Products stacked-cups carbon nanotubes.
29
  
 
Commercial stacked-cup CNTs possess several main advantages over other nanocarbons for the 
present work and were therefore chosen as a starting material. First, the as-grown CNTs are 
wrapped with a layer of pyrolytic carbon which finds its origin in the particular synthesis 
conditions of these CNTs. This layer consists of small graphene sheets, so called basic structural 
units (BSU), which are only few nm in size. They are interconnected by sp
2
 and sp
3
 carbon chains 
and assembled in concentric layers. From a structural and chemical point of view, the layer of 
pyrolytic carbon can be seen as a model surface representative of various nanocarbons such as 
carbon nanofibers, SWCNTs and MWCNTs, which allows us to extend the scope and the impact of 
this work. Tessonnier et al. used the same stacked-cup CNTs as a model material to develop a 
technique to selectively deposit metal particles either inside or outside CNTs.
30
 This selective 
deposition technique was successfully employed by different groups on various CNTs since then.
31-
33
 Secondly, the layer of pyrolytic carbon exhibits a high concentration of structural defects (see 
below) which can be tuned by annealing in an inert atmosphere (graphitization). Therefore, these 
materials offer a large playground to study the effect of the defect density and of the surface 
chemistry on the ALD. Finally, it was demonstrated that MWCNTs exhibit a large number of 
carbonaceous debris on their surface, which are hard to characterize, but which significantly 
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interfere during the functionalization,
34
 or the use of the MWCNTs in catalytic reactions.
35
 In 
contrast, the surface of the stacked-cup CNTs is well-defined.
27
 
The three commercial products used were functionalized with concentrated HNO3 at 100 °C for 10 
h in order to create oxygen-containing surface functional groups, which can be later used as 
anchoring points for TiO2 ALD. As demonstrated by the previous work of Tessonnier et al.,
27, 36
 
with increasing annealing temperature, the degree of graphitization of the surface rises and as a 
consequence, the impact of the classic nitric acid treatment on the functionalization of the wall 
surface is altered. The thermogravimetry mass spectroscopy (TG-MS) and XPS (Figure IV.7) 
characterizations revealed that the formation of carboxylic acid and anhydrides, which typically are 
the most abundant functional groups for this kind of oxidizing treatment, seems to be disfavored 
when the structural order of the carbon material increases.
27
 As a consequence, the pH of aqueous 
dispersions of CNT700 and CNT1500 increases, and the CNT3000 solution eventually turns basic. 
In addition, the concentration of surface functional groups created during the HNO3 treatment 
decreases when increasing the graphitization temperature, as a result of the lower defect density (as 
observed from the evolution of the D/G ratio in Raman spectra, cf. Ref. 
27
). An alternative 
modification of the nature and density of surface groups was achieved through a partial 
defunctionalization of the CNT700 sample in Ar at 800 ºC. This post-treatment removes 89% of 
the oxygen, as determined by XPS, but without significantly modifying the defect density.
27
 The 
surface oxygen-containing groups and the Raman characterization results realized on the different 
kinds of CNTs are summarized in Table IV.1. 
 
Figure IV.7. XP O1s spectra of the oxidized CNTs. Taken from Ref.
27
. 
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Table IV.1. Characterization of the CNTs used in this work: carboxylic acid and phenol 
concentrations were determined by acid–base titration with NaOH (in µmol g-1), and the total 
oxygen concentration was determined by XPS and D/G ratios (D band intensity over G band 
intensity, ID/IG) calculated from Raman spectra. Data taken from Ref.
27
. 
Sample Name Carboxylic acid 
a
 Phenols 
a
 O/C 
b
 ID/IG 
c
 
CNT700 130 180 0.099 3.6 
CNT1500 27 32 0.012 1.0 
CNT3000 0 18 0.005 ~0 
CNT700D 0 22 0.011  
a
 Determined by acid–base titration. b Measured by XPS. c calculated from Raman spectra on CNTs 
materials prior to acid treatment. 
 
The high resolution transmission electron micrographs show the evolution of the structural defects 
and of the graphitization as a function of annealing temperature (cf. Ref.
37
). The CNT700 are 
characterized by a structural disorder of the outer and inner surface layer of the tubes (Figure 
IV.8a,b). The annealing at 1500 °C prior to the nitric acid treatment leads to the appearance of 
some connections between the inner rims of subsequently stacked cups (see arrow) and only a thin 
layer of structurally ill defined carbon is present on the exposed graphitic faces of the outer wall 
(Figure IV.8c,d). Finally the annealing at 3000 °C results in a straightening of the graphitic sheets 
and highly graphitized walls, which show connections between stacked cones. Those form steps on 
the inner and outer surface, which are decorated with some defective fullerene-like carbon (Figure 
IV.8e,f). This is not observed after nitric acid treatment and ALD coating (see Table IV.1). SEM 
images of the uncoated tubes are presented in Figure IV.9. 
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Figure IV.8. HRTEM images of the different CNTs prior to TiO2 ALD. a, b) CNT700, c, d) 
CNT1500 and e, f) CNT3000, the latter before nitric acid treatment. 
 
 
Figure IV.9. SEM images of the uncoated CNTs, a) CNT700, b) CNT1500, and c) CNT3000. 
 
III.2. TiO2 ALD: motivation and elemental characterization 
III.2.1. Motivation for the choice of TiO2 ALD for this study 
As presented in the introductory chapter, the ALD of various metal oxides onto CNT700 was 
already reported by our group. Briefly, it was shown that TiO2, V2O4 and HfO2 form a conformal 
and homogeneous amorphous film at deposition temperatures in the range between 50-250 °C.
13, 25
 
The coating, only a few nanometers thick, is uniform along the whole surface of the tubes and 
presents approximately the same thickness at the inner and outer surface. HRTEM and electron 
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diffraction experiments showed that the as-deposited films are amorphous and can be grown 
directly on the graphitic surface of the nitric acid treated CNTs.
13, 25
  
On the other hand, as shown above, it was found that the ALD of SnO2 forms a granular film 
composed of sub-5 nm nanoparticles.
24
 In this particular case, HRTEM studies revealed that the 
particulate film formation can be attributed to the property of SnO2 to directly form nanoparticles 
during the deposition, even at temperatures as low as 150 °C. Indeed, the same particulate growth 
pattern was obtained from SnO2 on silicon wafers passivated with native silicon oxide (cf. Chapter 
II). However, independent of the metal oxide that was deposited on the tubes, it was generally 
observed that no growth occurs on exposed graphitic planes. It can therefore be concluded that the 
initiation of film growth requires defects and anchoring sites at the surface of the tube.  
The coating of CNTs with these metal oxides by the carboxylic acid route appears well defined, 
with a controllable thickness, and homogeneous on the outer and inner part of the walls. 
For the present study, TiO2 ALD was chosen for the coating as it is known to result in a very 
homogeneous growth of an amorphous film on the CNT700 and is therefore expected to be most 
suitable to detect small variations in the distribution of anchoring sites at high spatial resolution. 
 
III.2.2. EELS characterization of TiO2@CNTs 
In order to analyze the chemical composition and purity of the deposited metal oxide, electron 
energy loss spectrometry was used.
25
 The intensity of the EELS spectrum, recorded across the 
diameter of a coated tube, and spectra abstracted at different positions are shown in Figure IV.10. 
The figure reveals the development of the Ti-L, O-K and C-K signals across the tube. Due to the 
high ionization cross-section for the carbon 1s electrons, EELS is very sensitive to carbon. This is 
evident from the spectrum taken from the central region of the tube, where the integrated area of 
the carbon signal dominates the spectrum. In the surface region, on the other hand, the spectrum 
shows a small carbon signal. Elemental quantification of the spectrum abstracted from the surface 
region reveals a carbon content of less than 5%. This is a rough estimate for the upper limit of 
carbon in the film, since some carbon signal might also be due to the close proximity of the tube 
walls plus contamination due to exposure to ambient air. The shape and intensities of the Ti and O 
features in the EELS spectra correspond to TiO2. It must be stressed here that the shape and 
intensity of the ionization edges in EELS are very sensitive to the local chemical surrounding of the 
ionized species. The correspondence of the shape to what is expected for TiO2 therefore indicates a 
high purity of the as-deposited film.  
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Figure IV.10. a) shows the section of a TiO2-coated CNT from where the EELS signal was 
recorded (film thickness ~ 16 nm). The recorded intensity is shown in b) as a three-dimensional 
plot in the energy dispersive plane. It reveals the development of the C-K, Ti-L and O-K edges 
across the tube. The EELS spectra abstracted from the coating (red) and from a region where the 
signal includes the films on the top and bottom surface plus the CNT walls (black) are shown in c). 
 
III.3. Electron microscopy characterization of TiO2 coating on the different CNTs 
In each ALD deposition process, the four differently functionalized tubes were simultaneously 
coated in the same chamber in order to have exactly the same deposition conditions. Figure IV.11 
shows the resulting coatings obtained as a function of the CNT type. As expected, a homogeneous 
thin film growth was observed on the surface of CNT700 (Figure IV.11a). As compared to the 
morphology of the film on the CNT700, the TEM image of the CNT1500 reveals a more granular 
aspect (Figure IV.11b). Indeed, a pronounced particulate structure can be seen on the inside and 
outside walls of the carbon material. The surface of the CNT3000 is characterized by steps around 
the tubes surface (cf. Figure IV.8e,f). TEM investigation after ALD deposition reveals that the 
highly graphitic walls remain mostly uncoated, whilst TiO2 deposition and growth can be observed 
C 
Ti 
O 
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at the cone edges (Figure IV.11c). Finally, the coating of the CNT700 after partial 
defunctionalization (CNT700D) appears more granular than in the case of the CNT700 (Figure 
IV.11d). As expected, this is a result of a reduction in the oxygen containing surface groups and 
hence, a reduced availability of anchoring sites.  
 
 
Figure IV.11. Overview TEM images of CNTs coated with TiO2 by ALD. a) CNT700 (100cycles), 
b) CNT1500 (50cycles), c) CNT3000 (50cycles), d) CNT700D (100cycles). 
 
In the following, a more detailed characterization of the various coatings will be presented for each 
CNT type. 
 
III.3.1. TiO2@CNT700 
The homogeneous coating on CNT700 is shown in Figure IV.11a and in Figure IV.12 for a film 
obtained after 100, 50 and 500 ALD cycles, respectively. Slight variations of the contrast in the 
central region are due to the projection of thickness variations (dents and hills) and structural 
inhomogeneities in the amorphous carbon layer of the tube wall. The latter can be nicely seen on 
the outer surfaces of the wall. Contrast variations seen in the central region might also be due to 
inhomogeneities of the film itself. However, when looking at the surface regions where the electron 
beam passes perpendicular to the surface normal of the graphitic walls, the titania film appears as a 
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thin layer of darker contrast on the inner and outer surface of the tube. It smoothly follows all the 
hills and valleys of the tube surface in a conformal way and with relatively constant thickness (see 
Figure IV.12a and arrow in Figure IV.11a).  
 
Figure IV.12. TiO2 coating on CNT700 after a) 50 cycles and b) 500 cycles. 
 
SEM images of CNT700 coated with 65 TiO2 ALD cycles support these findings (Figure IV.13). 
The homogeneous contrast indicates a very smooth coating of the surface, which is only interrupted 
by occasional defects in the film (cf. also the SEM image of the uncoated tube in Figure IV.9). 
 
Figure IV.13. SEM images of the CNT700 coated with 65 TiO2 ALD cycles recorded using a) 
secondary electrons and b) backscattered electrons. 
 
III.3.2. TiO2@CNT1500 
As previously noted, a granular morphology of the film is observed on the CNT1500. At higher 
magnification, HRTEM imaging confirms the different and more granular aspect of the grown 
films when compared to the smooth coating observed in the case of the CNT700. The particulate 
structure can be seen on the inner and outer part of the carbon material for the CNT1500 (Figure 
IV.14). Especially, at the outer CNT surface, where the film can be observed without the disturbing 
background, the formation of titania clusters is clearly visible (arrows in Figure IV.14a), for 
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example. They measure a few nm in size and grow on the curved carbon crystallites, i.e. in 
defective areas. The same growth mode is also evident in the SEM image shown in Figure IV.14b. 
It reveals titania particles as bright dots that are randomly distributed on the surface of the CNT. 
The SEM image (Figure IV.14b) also shows relatively large regions that remain completely 
uncoated. These uncoated regions are still observed after an increase of the number of cycles as 
shown in the TEM (Figure IV.14c,d) and the HAADF-STEM images (Figure IV.14e,f). This 
phenomenon will be discussed in the next part. Similar to the coated CNT700, the exposed 
graphitic planes at the end of the CNT1500 remain uncoated as shown in Figure IV.14c.  
 
Figure IV.14. a) HRTEM and b) SEM images recorded from the CNT1500 after 50 TiO2 cycles. 
c,d) HRTEM and e,f) HAADF-STEM images of uncoated regions recorded from tubes after 100 
cycles.  
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III.3.3. TiO2@CNT3000 
 
Figure IV.15. a) SEM, b) HAADF-STEM, c,d) HRTEM and e,f) TEM images of the CNT3000 
coated with b) 25, a,c,d) 50 and e,f) 500 TiO2 ALD cycles. 
 
As demonstrated by HRTEM prior to ALD processing, the CNT3000 shows a particular structure 
made of steps, walls and flat terraces that are highly graphitic (cf. Figure IV.8e,f), in agreement 
with Paredes et al. STM investigations.
38
 Figure IV.15a shows a SEM image of several CNTs 
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coated with 100 ALD cycles. As expected, the exposed graphitic parts remain mostly undecorated, 
and deposition only takes place at the edges of the connected cones. The ALD leads to rings of 
TiO2 films wrapped around the CNTs. These structures are clearly visible on the high angle annular 
dark field STEM image (Figure IV.15b) and can also be seen in the HRTEM images (Figure 
IV.15c-f). The increase of the cycle number to 500 cycles does not fade out the morphology of 
TiO2 to a continuous film; its “ring-structure” can nicely be observed in Figure IV.15e and f.  
 
III.3.4. TiO2@CNT700D 
Similar to the case of the CNT1500, coating of the defunctionalized tubes (CNT700D) leads to a 
granular aspect of the film (Figures IV.16 and IV.17). The particulate structure is clearly observed 
on the inner and outer part of the carbon material. Compared to the CNT1500, the average particle 
size is slightly smaller and the coating more homogeneous. Especially, the SEM and STEM images 
(Figures IV.16b and IV.17a) show that the particle density is higher and more regular, i.e. without 
large regions that remain completely uncoated. After many ALD cycles, the film becomes 
conformal due to the transition from an island to a 2D growth mode. Figure IV.17b-e shows the 
growth transition. While after 100 ALD cycles a granular thin film can be noted (Figure IV.17c), 
with an increase number of cycles to 400 and 1000 cycles, a complete TiO2 layer starts to appear 
(Figure IV.17d) and a smooth homogeneous coating (Figure IV.17e) is obtained, respectively. This 
is in contrast to what is observed for the CNT1500 support, where the coating does not reach the 
same degree of conformality and remains rough. Electron microscopy investigation furthermore 
reveals that the large uncoated regions, frequently observed in the case of the CNT1500 support, 
are absent in the case of the CNT700D tubes. 
 
 
Figure IV.16. a) HRTEM and b) SEM images of CNT700D coated with 50 TiO2 ALD cycles.  
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Figure IV.17. a) HAADF-STEM image of CNT700D coated with 100 TiO2 ALD cycles. HRTEM 
images of CNT700D coated with b) 0, c) 100, d) 400 and e) 1000 TiO2 ALD cycles. N.B. in c) two 
neighboring tubes are imaged. 
 
III.4. Discussion 
While a conformal and homogeneous coating is observed on CNT700, a granular aspect and large 
uncoated areas are noticed on CNT1500 (as shown in Figure IV.18a). We have already shown that 
the precursor vapors used in the present ALD process are able to diffuse into small pores and lead 
to a complete coating even on the inner walls throughout long tubes. If we exclude mechanical 
peeling off of the film after deposition due to weak connections between film and tube, we can 
conclude that regions that remain uncoated are either due to a covering of the respective region 
during the ALD process (touching tubes or connections with the support) or due to a lack of growth 
initiation events. This is consistent with previous observations
24
 that have shown that no growth 
occurs on defect free graphitic planes (cf. also Figure IV.14c-f and HRTEM images for 100 and 
500 TiO2 ALD cycles in Figure IV.18b,c). It can therefore be concluded that the differences 
observed between the CNT700 and CNT1500 tubes in terms of the aspect of the coating is directly 
related to the different density and distribution of suitable initiation sites. At 1500 °C, the small 
graphitic domains or graphene sheets (BSUs) grow to form larger crystallites of sp
2
-hybridized 
carbon.
39
 Paredes et al.
38
 investigated the pristine cup-stacked CNTs used in the present work and 
they observed by scanning tunneling microscopy the formation of flat terraces after annealing at 
1500 °C. These domains are defect-free, hence they do not provide any anchoring point during the 
ALD of TiO2. The latter is no longer able to grow as a film but instead it forms nanoparticles 
centered on defective areas, rich in O-containing surface functional groups. 
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Figure IV.18. a) HRSEM image recorded from the CNT1500 coated during 50 cycles. HRTEM 
images recorded from tubes coated during b) 100 and c) 400 cycles. 
 
In order to study the development of the growth mode, the number of deposition cycles was 
increased to 100 (Figure IV.14c-f and IV.18b) and 500 (Figure IV.18c). The initiation of the 
growth appears to follow an island growth that tends to transform to a 2D growth with increasing 
number of cycles, leading to a homogenization of the thickness. This is already observed after 100 
cycles (Figure IV.14c-f and IV.18b). However, even in thick films, domains that remain uncoated 
can be found (Figure IV.18b). Generally, uncoated regions are found at the endings of the tubes, 
where the catalytically grown graphitic surface is observed to protrude from the pyrolytic layer 
(sword-in-sheath failure), and, similarly, on the inner surface, in the region where the last stacked 
cone of the structure exposes graphitic planes. In analogy, uncoated areas observed along the tubes 
surface are due to the absence of anchoring site, preventing the initiation of film growth. 
 
With the increase of the graphitization of the carbon nanotubes, a peculiar and more granular aspect 
of the as-deposited metal oxide is noticed. Indeed, the TiO2 ALD on CNT3000 leads to the 
  Chapter IV. Coating of carbon nanotubes 
121 
formation of particles at the edge of connected cones present on the material. The reason for this is 
the high curvature at the edge, which involves the presence of structural defects (5-membered 
rings) and strained C-C double bonds. In these regions, the sp
2
-hybridized carbon atoms easily 
react to become sp
3
-hybridized and thus release the strain. HNO3 is typically used to open 
SWCNTs and MWCNTs because it preferentially reacts with the curved tips of the tubes. 
Similarly, while the oxidizing power of HNO3 is not strong enough (in our reaction conditions) to 
break C-C double bonds and functionalize the graphitic terraces, it reacts and creates O-containing 
functional groups on the curved graphene sheets between two cones. As a result of the preferential 
deposition at the edges, the formation of TiO2 rings occurs around the CNTs (Figure IV.15c-f). In 
the Figure IV.19, the edge initiation is clearly visible and pointed out by arrows. Moreover, 
HAADF performed after 25 ALD cycles (Figure IV.15b) demonstrated the formation of 
nanoparticles on the transversal axis of CNTs. A reference image before coating can be seen in 
Figure IV.21. The series of HRTEM images acquired from CNT3000 coated with a varying 
number of TiO2 ALD cycles, i.e. 50 (Figure IV.19a,b and IV.15), 100 (Figure IV.19d) and 500 
(Figure IV.19c), clearly shows the defective regions where the TiO2 growth initiates. From these 
observations it can be concluded that the acidic treatment on the high temperature (3000 °C) treated 
CNTs leads only to an oxidation at the edges, where the carbon sheets are highly curved or are 
abruptly terminated. The titania deposition clearly demonstrates this functionalization. At low 
magnification, TEM permits to ascertain that these defects are homogeneously distributed all along 
the tubes. This is shown in Figure IV.20, where two tubes present TiO2 clusters that are related to 
the surface structure of the tubes (see edges in the SEM image of Figure IV.15a). 
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Figure IV.19. HRTEM image of the CNT3000 coated with a, b) 50, c) 500 and d) 100 TiO2 ALD 
cycles. 
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Figure IV.20. Low resolution TEM image of the CNT3000 coated with 400 TiO2 ALD cycles 
showing the nucleation at defect sites which is similar at different regions of the CNT3000.  
 
Figure IV.21. HAADF-STEM images of uncoated CNT3000. 
 
Concerning the deposition on CNT700D, a higher and more uniform particle distribution was 
noticed than on the CNT1500. This observation is consistent with the X-ray photoelectron 
spectroscopy (Figure IV.7) analysis of both supports prior to ALD. Here, the O/C ratios for the 
CNT1500 and CNT700D, determined from XPS spectra, are very similar, i.e. 0.012 and 0.011, 
respectively (cf. Table IV.1 and Ref.
27
). It can be concluded that for the CNT1500 support, 
defective areas with a high concentration of O-containing groups are dispersed within a patchwork 
of (non-functionalized) graphitic regions. In contrast, for the CNT700D support, the oxygen 
concentration is lower but the groups are more homogeneously dispersed throughout the surface. 
This is also confirmed with a series of HRTEM images acquired after coating with 0 to 1000 cycles 
of TiO2 ALD (Figure IV.16a and IV.17b-e). 
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IV. Engineering of MOx@CNT by CNT surface functionalization 
 
In order to elaborate well controlled MOx@CNT heterostructures, the SnO2 and ZnO ALD coatings 
of the differently functionalized CNTs were investigated. The capability of tailored surface 
functionalization to influence the ALD coating and the defect mapping will therefore be confirmed.  
 
IV.1. Case of SnO2 deposition 
IV.1.1. SnO2@CNT700. 
CNT700, from the same batch as the one used for the labeling study (cf. section III), were firstly 
coated by our novel SnO2 ALD approach. Figure IV.22 shows CNT700 coated with a varying 
number of ALD cycles. After 60 cycles (Figure IV.22a), the continuous coating on the inner and 
outer walls is visible; the granular aspect, as described in section II, can nicely be seen. As 
expected, with the increase of the number of cycles, a relatively homogeneous and smooth film is 
obtained (Figure IV.22b,c), similar to the SnO2-coated CNTs previously presented in Figure IV.2. 
 
Figure IV.22. TEM images of SnO2@CNT700 after a) 60, b) 200 and c) 400 ALD cycles reveal a 
conformal and continuous coating. 
 
IV.1.2. SnO2@CNT3000. 
CNT3000 were also coated with 50, 100, 400 or 1000 SnO2 ALD cycles. After 50 cycles, small 
particles nucleating on the curved graphene sheet between two cones initiate the formation of rings 
wrapped around the CNT (Figure IV.23a). This particular structure is well observed after a thicker 
deposition (Figure IV.23b-d). Particles tend to form clusters, resulting in a continuous wrapping, 
while the highly graphitic planes remain uncoated. HRTEM confirms the initiation at the step edge 
and corroborates the conclusion drawn for the TiO2 deposition on the defect localization. Indeed, in 
Figure IV.24, the arrows clearly point to particles nucleating on defective spots of the tubes. Each 
of them can be correlated to either an edge or a dip in the graphitized carbon. Identical metal oxide 
ring structures, wrapped around CNTs, are obtained for both titanium- and tin oxide, demonstrating 
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the capability of surface groups and defects engineering to tailor the coating morphology 
independent of the intrinsic growth mode characteristic of the ALD process chosen. Finally the 
dotted circle in Figure IV.24b highlights the presence of lattice fringes.  
 
Figure IV.23. TEM images of CNT3000 coated with a) 50 cycles and b-d) 400 SnO2 ALD cycles. 
Loose particles, resulting most likely from a mechanical removal, are observed in b). 
 
Figure IV.24. HRTEM images of SnO2@CNT3000 after a) 400cycles, b and c) 50 cycles. The 
arrows point to some particles nucleating at defect sites and the dotted circle underlines lattice 
fringes related to SnO2 rutile phase. 
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IV.1.3 Study of the crystallinity of the as-deposited SnO2 
As previously established (cf. section II and Chapter II), the as-deposited tin dioxide shows an 
onset of crystallinity that could not be elucidated by XRD. Only HRTEM and Fourier filtered 
images permitted to enlighten the presence of SnO2 in a tetragonal phase. These findings were 
explained by the presence of sub-10 nm crystallites embedded into an amorphous phase leading to 
a strong XRD background. Therefore, only electron microscopy performed on SnO2@CNT700 
where the supporting carbon is very thin allowed the observation of some lattice fringes. HRTEM 
studies of the SnO2@CNT3000 show also some crystallinity. Problably due to mechanical removal 
during the dry TEM grid preparation, detached particles were also observed in the images, offering 
ideal conditions for the study of the crystallinity. The power spectra of the TEM image were 
realized on detached particles. The diffraction spots visible on the power spectra shown in Figure 
IV.25, are indexed to the crystal plane (110) of the tetragonal rutile phase. Its calculated plane 
spacing is 3.34 Å and 3.44 Å for the full and area selected power spectrum, respectively (Figure 
IV.25b,c). These values are in agreement with the crystallographic data (JCPDS card nº 04-015-
3277).  
 
Figure IV.25. a) TEM image of SnO2 particles, on a holey carbon grid, detached from the 
CNT3000, with visible lattice fringes, b) the corresponding power spectrum and c) the power 
spectrum of the area selected by the square.  
 
From the fast Fourier transform (FFT) of a HRTEM image (Figure IV.26a), Fourier filtered images 
using the spacing (002) of the graphitized carbon and the (200) and (101) of the rutile tin dioxide 
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(Figure IV.26b-d), were realized. SnO2 particles are visible in the Fourier filtered image, which is a 
sign of the presence of lattice fringes corresponding to the (200) and (101) planes. In Figure 
IV.26d, the arrow points to a particle observed in an area where the carbon contribution is low and 
the difference in contrast between the CNT and the metal oxide is therefore weak. This avoids any 
potential ambiguity on the particle appearance due to a difference of contrast and not of presence of 
the selected spacing. 
 
Figure IV.26. a) HRTEM image of a SnO2-coated CNT3000 and b) its Fourier filtered image, 
generated using a mask including the (002) spacing of the graphitized carbon and the (101) and 
(200) d-spacing of the rutile SnO2, which demonstrates the presence of some crystallites. The 
dashed circles show the particles on the surface. The white arrows in c) and d) Fourier filtered 
images (using the same spacing than in b) point to particles, indicating the presence of some lattice 
fringes of tin dioxide. In bright contrast, the CNT wall is also visible due to the width of the filter 
used and the proximity between the spacing of the carbon and of the tin dioxide. 
 
IV.2. Case of ZnO deposition 
Finally, the three types of CNTs were also coated with ZnO from diethylzinc (DeZn) and water at 
100 ºC. The work on zinc oxide was realized by KyeongHwan Lee, master student at the Seoul 
National University, South Korea, whom I co-supervised. 
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IV.2.1. Electron microscopy characterization 
IV.2.1.1. ZnO@CNT700 
 
Figure IV.27. TEM images of CNT700 coated with ZnO after a,d) 20, b,e) 50, g,h) 100 and c,f,j) 
200 ALD cycles. At higher magnification, d) after 20 cycles, 4-5 nm diameter size particles are 
visible, as shown in the inset and f) after 200 cycles, 25 nm thick film is deposited, in agreement 
with a GPC of ~1.2 Å/cycle. In g) the coated tube, corresponding to the one shown at low 
magnification in h), present lattice fringes attributed to the different planes of crystalline ZnO. In i) 
the corresponding power spectrum of the region delimited by the dotted square in g) corresponds to 
the hexagonal ZnO phase (JCPDS card nº 04-015-0825). 
 
The obtained coated CNT700 present a rough shell of crystalline metal oxide particles (Figure 
IV.27). Actually, after 20 cycles, distinct 4-5 nm sized particles are formed on the walls (Figure 
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IV.27a and d), while when the cycle number increases to 50, isolated spherical particles (Figure 
IV.27e) and a continuous layer of 5-6 nm (Figure IV.27b) coexist. ZnO island growth occurs first, 
before a transition to 2D growth mode. Not all the particles are nucleating at the same time; in 
some area with less anchoring sites, a longer nucleation time is required, delaying the coalescence 
and then the transition to a 2D growth, which explains two simultaneous growth types in an early 
stage. After 100 (Figure IV.27g,h) and 200 cycles (Figure IV.27c,f,j), despite some remaining 
uncoated areas, the CNTs are fully covered with a homogeneous and thick polycrystalline shell. 
Lattice fringes are visible (Figure IV.27g) and can be attributed to the ZnO hexagonal wurtzite 
phase (JCPDS card nº 04-015-0825). Interesting elongated particles appear on the outer wall as 
shown in Figure IV.27f and j.  
 
IV.2.1.2. ZnO@CNT1500 
Although, like CNT700, CNT1500 are decorated with ZnO particles of 4-5 nm diameter size 
(Figure IV.28a-c), the transition from an island to a 2D growth takes place at a larger number of 
cycles. Indeed, less anchoring sites are present on the surface, delaying the formation of a 
continuous film (Figure IV.28d-f). Nevertheless, when 2D growth occurs, similar thicknesses are 
obtained in both carbon supports. Figure IV.28d shows in the inset a 16 nm thick film obtained 
after 100 cycles. As observed in the case of TiO2 deposition, a large uncoated area remained due to 
an absence of functional surface group and defect.  
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Figure IV.28. TEM images of ZnO@CNT1500 after a,b) 20, c) 50, d,e) 100 and f) 200 ALD 
cycles. At higher magnification, b) lattice fringes can be observed. A crystalline ~16 nm thick ZnO 
film was deposited onto CNT1500 as visible in the inset in d). Inset in e) shows a magnified image 
of the coating defect. In f) a large uncoated area is shown. 
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At higher magnification, crystalline particles are observed. Lattice fringes that are indexed in 
particular to the (002) plane of the ZnO hexagonal wurtzite phase can be observed in Figure 
IV.29c,d. 
 
Figure IV.29. HRTEM images of CNT1500 coated with ZnO after a) 20, b) 50 and c,d) 100 ALD 
cycles. One can observe lattice fringes in c) and d) attributed to the crystallographic plane (002) of 
ZnO hexagonal phase (JCPDS card nº 04-015-0825). 
 
IV.2.1.3. ZnO@CNT3000 
Once more the coating of CNT3000 reveals a typical ring morphology of the as-deposited metal 
oxide. Figure IV.30 shows tubes decorated with various numbers of ALD cycles. The formation of 
rings transversally to the CNT axis is clearly visible in Figures IV.30c, d and e. Particles are also 
formed at the inner rims of the tubes (Figure IV.30e). Therefore, some parts of the outer walls of 
CNT3000 remain uncoated, while the inner ones are well decorated, as shown in the upper corner 
of the TEM image in Figure IV.30e. Similar to the SnO2 deposition, ZnO ALD coating confirms 
the nucleation at the edge of the stacked cones of the CNT3000 and further proves the versatility of 
the surface functionalization approach for tailoring the ALD deposition. 
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Figure IV.30. TEM images of ZnO-coated CNT3000 with a) 20, b) 50, c,d,e) 100, f) 200 ALD 
cycles. 
 
At higher magnification, TEM images (Figure IV.31) clearly highlight the nucleation at the edges 
of the connected cones. After 20 cycles (Figure IV.31a), small particles are visible at the cone 
edges of the outer walls as well as on the inner rims. In Figure IV.31c,d, arrows point to some 
particular particles growing from those edges. The arrow in Figure IV.31b points to a curvature 
defect on the CNT surface on which particles are grown. These HRTEM images clearly show the 
particle localization on the structural defects of the tubes that preferentially consist in the sites 
functionalized by the nitric acid treatment, as previously mentioned. Therefore, besides being 
structurally ill defined, they also most probably present some O-containing surface groups, ideal 
for the growth initiation. 
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Figure IV.31. TEM images of ZnO@CNT3000 after a) 20, b) 100, c-d) 50 ALD cycles. Arrows on 
the images show particles nucleated at connections between rims of subsequently stacked cups or 
defective areas. 
 
IV.2.2. Study of the crystallinity of the particles 
In order to elucidate a possible influence of the graphitization degree on the ZnO crystallinity, 
HRTEM was performed in ZnO@CNT1500 and ZnO@3000. As previously reported, due to the 
strong influence of the surface properties of the support on the ZnO growth and a preferential 
orientation of the nanocrystal toward the c-axis at the initial stage, ZnO ALD on unfunctionalized 
MWCNTs leads to irregular coating.
40
  
Selected area electron diffraction patterns were acquired from the ZnO-coated CNT1500 (Figure 
IV.32a) to investigate the crystallinity of the metal oxide. The two broad spots visible are indexed 
to the (002) plane of the graphitized carbon sheet (JCPDS card nº 00-058-1638), having a lattice 
spacing of 3.4 Å. Moreover, random reflection is noted by the presence of diffraction rings. Those 
spots are indexed to the crystallographic planes (100), (002), (101) and (200) of the ZnO hexagonal 
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phase, according to the crystallographic data (JCPDS nº 04-015-0825). In figure IV.32b, by 
spacing measurement the lattice fringes are attributed to the (100), (002) and (101) ZnO 
crystallographic planes. Figure IV.33 shows HRTEM images of ZnO@CNT3000 after 100 ALD 
cycles and their corresponding power spectrum obtained by FFT. The spots are indexed to the 
crystallographic planes (100), (002) and (101) of the ZnO hexagonal phase. On the TEM images, a 
direct measurement of the spacings was also performed to attribute the visible fringes to the 
corresponding planes. In case of Figure IV.33a, only the (002) plane was indexed even if other 
spacings are visible. Due to the curvature of the CNTs and the “superposition” of the ZnO 
nanocrystals, no evidence of a preferential orientation can be highlighted. 
 
Figure IV.32. a) selected area electron diffraction and b) HRTEM image of ZnO-coated CNT1500 
with 100 ALD cycles. The diffraction spots in a) are indexed to the crystallographic planes (200), 
(101), (002) and (100) of the ZnO hexagonal phase and the largest spots to the crystallographic 
plane (002) of graphitized carbon. The lattice fringes visible in b) are attributed to the (100), (101) 
and (002) ZnO planes. 
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Figure IV.33. a,c) TEM images of ZnO@CNT3000 after 100 ALD cycles and b,d) their 
corresponding power spectra. Lattice fringes corresponding to the (002) and (100) crystallographic 
planes of ZnO are clearly visible.  
 
 
V. Conclusions 
 
By the novel tin dioxide ALD approach developed during this PhD, the coating of CNTs and boron 
nitride nanotubes was successfully carried out. The deposition allows the coating of the inner and 
outer walls of carbon nanotubes with SnO2. Due to the type of growth, a particulate homogeneous 
film, made of crystalline nanoparticles, was obtained. Nevertheless, the film growth requires the 
presence of anchoring sites as indicated by the absence of coating on exposed graphitic layers and 
on defect free regions of the boron nitride nanotubes.  
Moreover, it was shown that the growth mode of TiO2 ALD onto CNTs strongly depends on the 
various chemical and thermal treatments of the substrate. 2D and island growth modes could be 
tuned by the surface functionalization of the CNTs as well as the transition from island to 2D 
growth mode, which depends on the number of ALD cycles. In the case of high temperature treated 
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stacked-cups nanotubes, a peculiar ring-shaped nanostructured coating could be obtained due to the 
pattern of the surface functional groups induced by the thermal and chemical treatments. All in all, 
it was shown that atomic layer deposition provides a means to specifically label anchoring sites and 
that it can be used to characterize the spatial distribution of surface functionality of differently 
treated carbon nanotubes. The requirement of the presence of anchoring sites for the initiation of 
film growth in ALD makes this method, in combination with HRTEM imaging, suitable for 
studying the spatial distribution of functional sites on high surface area supports. In fact, ALD 
appears as the technique of choice to map anchoring sites on nanostructured supports and to study 
the distribution of functional groups as a function of structure and functionalization treatment. In 
comparison, Raman spectroscopy does not offer a spatial resolution high enough to map the defects 
at the nm scale. Alternative techniques that provide atomic resolution, such as STM, are limited in 
the study of complex nanostructured materials and allow to scan a small region of the sample only.  
Finally, the approach introduced in the present work was successfully applied to SnO2- and ZnO-
coated CNTs, corroborating the findings with TiO2 deposition. The possibility to obtain either a 
homogeneous or nanostructured coating, as a function of the support functionalization, was 
demonstrated. Actually, homogeneous decoration of the CNTs with metal oxide particles and 
peculiar ring structure were achieved in a controlled manner. These findings are of great interest for 
the fabrication of various carbon-based nanostructures and other hetero-nanostructures in general. 
 
Perspective  
The XPS analysis of the pristine cup-stacked carbon nanotubes, as well as of commercial 
multiwalled carbon nanotubes (NC-3100 from Nanocyl and Baytubes from Bayer), revealed that 
even untreated carbon nanomaterials exhibit O-containing functional groups on their surface.
36
 
Those groups were formed when the materials were exposed to air after synthesis, as their defects 
reacted with O2 and H2O.
41
 The calculated O/C ratio for the pristine nanocarbons ranged between 
0.005 and 0.034, similar to the O/C ratios found for CNT700D, CNT1500 and CNT3000. We 
therefore expect to also be able to mark the defects in any nanocarbon, without any additional 
chemical treatment, by ALD. Preliminary experiments on the pristine cup-stacked CNTs and on 
pristine MWCNTs were conclusive. 
We foresee that the labeling of defects in nanocarbons by ALD will play a role in better 
understanding of the relation between structure and defects as well as their relation to the physical 
and electronic properties like, for example, the study of the grain boundaries in graphene.
42
 In 
addition, we believe that ALD will help to understand why MWCNTs, which seem to be 
structurally similar, exhibit different chemical, physical and electronic properties.
43
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Finally, the importance of this work on tailored CNT surface groups will be highlighted in the 
following chapters. Indeed, this is of great interest for the design of functional heterostructures. We 
will apply the heterostructures presented in this chapter to gas sensing. SnO2 is a well-known 
material for gas sensor and its sensing properties will be tested toward O2 and NO2 target gases. 
TiO2- and ZnO-coated CNT nanostructures will also be investigated. Finally, we will focus on the 
application of this approach to the functionalization and coating of electrospun carbon fibers, which 
allows a fine control of the electrocatalyst activity. 
 
 
VI. Experimental part 
 
Functionalization of carbon nanotubes 
Stacked-cups carbon nanotubes were purchased from Pyrograf Products (USA). The CNTs were 
synthesized by catalytic chemical vapor deposition (CCVD) using the floating catalyst method 
described in details elsewhere.
44
 Briefly, CH4 and Fe(CO)5 were fed simultaneously in a horizontal 
reactor maintained at 1100 °C. The thermal decomposition of the iron precursor generated iron 
nanoparticles which subsequently catalyzed the growth of the nanotubes. Because of the high 
reaction temperature, methane was also thermally decomposed (pyrolysis) on the CNT walls, 
leaving a relatively thick layer of disordered pyrolytic carbon.  
After synthesis, the CNTs were heat treated in inert atmosphere at either 700 °C (product PR24-
PS), 1500 °C (PR24-LHT) or 3000 °C (PR24-HHT) in order to graphitize the layer of pyrolytic 
carbon, hence decrease the density of structural defects in a controlled manner. The CNTs exhibit 
average outer and inner diameters of 85 and 40 nm, respectively, independently on the applied 
annealing temperature. The three commercial products were subsequently oxidized with 
concentrated nitric acid (70 %) at 100 °C for 10 h. The temperature was deliberately kept low, 
significantly under the boiling point of HNO3 (120 °C) in order to prevent any structural damages 
to the CNTs which could modify their structural properties. The mixture was then allowed to cool 
down to room temperature and the functionalized CNTs were filtered and rinsed with 1 L distilled 
water. For the sake of clarity, the oxidized PR24-PS, PR24-LHT and PR24-HHT samples were 
labeled CNT700, CNT1500 and CNT3000. Part of the CNT700 sample was further heat treated in 
Ar at 800 °C to remove a fraction of the oxygen-containing functional groups. This sample was 
labeled CNT700D (defunctionalized). With increasing annealing temperature, the degree of 
graphitization of the surface rises and as a consequence, the impact of the classic nitric acid 
treatment on the functionalization of the wall surface is altered.  
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The first CNTs PR24-PS coated with SnO2 were functionalized with HNO3 in an autoclave at 
100ºC for 2h. They were washed with deionized water until a neutral pH was reached. 
 
Chemical characterizations of functionalized CNTs 
The TG-MS and XPS characterizations revealed that the formation of carboxylic acid and 
anhydrides, which typically are the most abundant functional groups for this kind of oxidizing 
treatment, seems to be disfavored when the structural order of the carbon material increases (Table 
IV.1, section III.1.).
27
 As a consequence, the pH of aqueous dispersions of CNT700 and CNT1500 
increases, and the CNT3000 solution eventually turns basic. In addition, the concentration of 
surface functional groups created during the HNO3 treatment decreases when increasing the 
graphitization temperature, as a result of the lower defect density (as observed from the evolution 
of the D/G ratio in Raman spectra, cf. Ref.
27
 and Table IV.1). An alternative modification of the 
nature and density of surface groups was achieved through a partial defunctionalization of the 
CNT700 sample in Ar at 800 ºC. This post-treatment removes 89% of the oxygen, as determined 
by XPS, but without significant increase of the defect density.
27
 
 
Atomic layer deposition 
SnO2 deposition 
Tin dioxide was first deposited simultaneously on silicon wafer (used as reference) and carbon 
nanotubes (in a first run, Pyrograf PR-24-PS, non-functionalized and functionalized for 2h and in a 
second run CNT700 and CNT3000 were used) and boron nitride nanotubes, previously deposited 
on a Si wafer by drop casting. BN nanotubes were synthesized by the laboratory of multi-materials 
and interface, at the University of Lyon, France.
45
 Tin tert-butoxide (STREM) and acetic acid 
(Aldrich) were used as metal and oxygen precursors, respectively. The depositions took place at 
200 ºC in an exposure mode reactor of the home-made ALD tool schematized Figure I.13. The 
same procedure as described in the Chapter II was used. Typically ALD valves were opened for 
0.03 and 1 s for the acetic acid and tin ter-butoxide, respectively. The residence time after each 
precursor pulse was set to 20 s, followed by a nitrogen purge during 15 s. The number cycles varied 
from 50 to 1000. 
 
TiO2 deposition 
Titanium dioxide was deposited simultaneously on the CNTs exposed to the various treatments and 
on a silicon wafer. The latter was used as reference substrate for film thickness measurement. Prior 
to the ALD, CNTs were deposited by drop-deposition on a silicon wafer from dispersions in 
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ethanol. In order to remove the ethanol adsorbed at the surface of the CNTs, the samples were 
treated at 200 °C at 1 mbar under a stream of nitrogen for 15 min inside the ALD chamber prior to 
the first deposition cycle. The four types of carbon material were inserted and coated at the same 
time, in the same chamber, in order to have exactly the same deposition conditions. Titanium 
isopropoxide and acetic acid were used as metal and oxygen sources, respectively. The depositions 
took place at 200 °C in a home-made ALD reactor, which operated in exposure mode (cf. Chapter 
I). Metal precursor and acetic acid were introduced subsequently by pneumatic ALD valves from 
their reservoirs, which were kept at 80 and 30 ºC, respectively. Pure nitrogen was used as a carrier 
gas at a constant flow rate of 5 sccm. The ALD valves were opened for 0.03 and 1.2 s for the 
oxygen source and titanium precursor, respectively. The residence time after each precursor pulse 
was set to 20 s, followed by a nitrogen purge during 15 s. In order to study the nucleation of the 
oxide and to monitor the growth behavior as a function of the density of functional surface groups, 
different numbers of ALD cycles were realized in order to deposit various thicknesses. The number 
of cycles was chosen between 25 and 1000 with a nominal growth per cycle of 0.6 Å.
46
 
 
ZnO deposition 
Zinc oxide was deposited simultaneously on the four types of functionalized CNTs, each 
previously deposited on a silicon wafer from dispersions in ethanol. The depositions took place at 
100 ºC in a commercial ALD equipment, a CN1 model “atomic-classic” working in exposure 
mode. Diethyl zinc (Aldrich, Zn, 52 wt. % min) and water were used as metal and oxygen sources, 
respectively, and subsequently introduced by pneumatic ALD valves from their reservoirs. Pure 
nitrogen was used as a carrier gas and the ALD valves were opened for 0.3 s for both the oxygen 
source and zinc precursor. The residence time after each precursor pulse was set to 5 s, followed by 
a nitrogen purge during 20 s and 30 s in the case of diethyl zinc and water, respectively. The 
samples were coated with 20, 50, 100 and 200 ALD cycles. 
 
Structural Characterizations 
The thickness of the as-deposited metal oxide films on the wafer substrates was measured by X-ray 
reflectivity using a Philips X’Pert MRD X-ray diffractometer with a copper radiation and a graphite 
monochromator for the selection of pure Kα radiation. The X-ray tube was operated at 20 kV and 
20 mA. A 1 mm slit was used in order to reduce the scattered X-ray intensity. Measurements were 
performed in low-resolution experimental set up with the following instrumental configuration: 
divergence slit at the incident beam: 1/8 in.; step width: 0.01°; acquisition time: 1 s.  
CNTs were characterized before and after ALD deposition by TEM, high-resolution transmission 
electron microscopy and scanning transmission electron microscopy using a JEOL EM-2010, a 
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JEOL JEM-2200FS, a Hitachi H9000 and a Philips CM200 FEG microscope. Electron energy loss 
spectra were also recorded from the TiO2 coated carbon nanotubes and SnO2 coated boron nitride 
nanotubes. Scanning electron microscopy images were recorded using a FEG-SEM Hitachi SU-70 
microscope operating at 4 kV with a working distance of 2-3 mm.  
SEM and TEM investigations were carried out on copper TEM grids coated with a holy carbon 
support film. The samples were deposited by dipping the TEM grids directly into the dry sample 
powder in order to avoid extra contamination.  
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In the previous chapter the elaboration of controlled carbon-based nanostructures by ALD was 
demonstrated. In order to illustrate the potential of the approach, the obtained heterostructures were 
applied to gas sensing. This work is the result of a collaboration with the group of Prof. Giovanni 
Neri at the University of Messina, Italy, who realized the gas sensing experiments. Therefore, a 
non-exhaustive presentation of the diverse findings will be introduced in this chapter showing the 
applicability of our heterostructures. 
The sensing properties of the SnO2@CNT700 and TiO2@CNT700 structures were investigated 
using NO2 and O2 as target gas. Furthermore, SnO2@CNT3000 and ZnO-coated CNTs sensors 
were tested for NO2 monitoring. The characteristics of oxygen and nitrogen dioxide sensors made 
of coated CNT nanomaterials have been related to the formation of a p-n heterojunction at the 
interface between the CNT and the MOx. Promising results have been obtained in case of tin 
dioxide-coated CNT700 and unprecedented p-type responsiveness has been observed in case of 
titanium oxide-coated CNT700. 
 
 
I. Introduction 
 
In view of the development of new functional materials, where desired properties of one material 
acting as a support are combined with complementary and desired properties of a second material, 
ALD is a highly suitable technique. One example for the application of such hybrid materials is gas 
sensing, where the response of a material to the presence of a certain reducing or oxidizing gas 
species is used to monitor its concentration.
1, 2
 Resistive gas sensors are widely employed in many 
commercial applications such as, household security, industrial emission control, biomedical and 
agricultural domains, and automotive.
3, 4
 Although sensors made of metal oxide semiconductor 
(MOS) nanostructures are highly attractive, their high operating temperature constitutes a strong 
limitation. Efforts have been devoted to combine these metal oxides with a suitable conductive 
support, to develop near room temperature gas sensors. 
Tin oxide, titanium oxide and zinc oxide have proven to be suited for application as active layers in 
MOS gas sensors. Their electric resistance changes as a function of the surrounding atmosphere 
due to the charge carrier exchange between the adsorbed gas and the oxide surface. Since the 
sensing process takes place at the surface, it is crucial to have a large surface to volume ratio in 
order to achieve a high response. Recently, many MOx nanostructured forms have been used for 
gas sensing applications. However, often it is difficult to obtain and control the shape, size and 
morphology of the nanostructures. By using a high surface area support, such as carbon nanotubes, 
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as template and ALD as a coating technique, an easy way to prepare one dimensional metal 
oxide/carbon nanotubes heterostructures was proposed. 
The tubes ALD-coated with mostly SnO2 but also with TiO2 or ZnO were investigated as active 
component in gas-sensor devices for oxygen and nitrogen dioxide monitoring. Actually, nitrogen 
dioxide (NO2) is a toxic compound produced by combustion processes in power plants, combustion 
engines and automobiles, and harmful for the environment as a major cause of acid rain and 
photochemical smog.
5
 Safety guidelines recommend exposure periods not longer than 8 hours to 
more than 3 ppm NO2 gas.
6
 Therefore, many efforts are currently made to develop sensors that can 
effectively detect NO2 even at extremely low concentrations.
7
 MOS sensors for O2 find an 
important application in automotive in order to replace the lambda sensor, which controls the 
combustion process.
3
 They also have an essential place in the food industry. 
In the following, CNTs are considered as p-type semiconductor, whilst the three investigated metal 
oxides are n-type semiconductors. Due to the formation of a p-n heterojunction between the highly 
conductive support (p-type) and the SnO2 thin film (n-type) an enhancement of the gas sensing 
response is observed,
8
 while an unexpected p-type response have been observed in the case of 
TiO2-coated carbon nanotubes.
9
 Responses to O2 and NO2 at different gas concentrations and 
sensor temperature were investigated. The responses towards the target gases will be presented as a 
function of the metal oxide investigated. Subsequently, the general sensing mechanism of such 
MOx@CNTs sensors will be described.  
 
 
II. SnO2@CNTs nanostructures used as gas sensor 
 
The CNTs (Pyrograf Product, grade PR-24-PS) previously coated with SnO2, i.e. SnO2@CNT700 
(cf. Chapter IV, section II) were investigated as gas sensing material.
8
 A comparison between their 
sensing behavior and the one of SnO2@CNT3000 (cf. Chapter IV, section IV.I) will be presented. 
In this section, the sensitivity of the gas sensor is defined as           where Rgas is the electric 
resistance of the sensor at different target gas concentration and R0 is the baseline resistance. 
 
II.1. Electrical measurement 
The electric resistance of CNTs coated with SnO2 films of different thicknesses was investigated 
first. These measurements, performed in pure nitrogen, served as reference and baseline for the gas 
sensing tests. Figure V.1 presents the case of CNTs coated with 4 nm of SnO2. The resistance, 
recorded in the temperature range between RT and 200 ºC, decreases with the increasing 
temperature and shows a slight hysteresis upon the first heating-cooling cycle, probably due to the 
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evaporation of some solvent that was used for the deposition of the SnO2@CNTs onto the sensor 
device.  
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Figure V.1. Resistance vs. temperature of the as-prepared 4 nm SnO2-coated nanotubes.  
 
The device made of uncoated nanotubes shows lower electric resistance than the one made of 
SnO2-coated tubes as depicted in Figure V.2. Indeed, their resistance is about 2-3 orders of 
magnitude higher and its value depends on the thickness of the SnO2 coating. The resistance of the 
thinner film is about one order of magnitude higher than that of the thicker film. The resistance is 
dominated by the Schottky barrier at the surface of n-type SnO2 film causing the formation of a 
depletion layer. In the case of the thinner film (SnO2 thickness = 3.0 nm) the space-charge region 
extends through the whole volume of the film, i.e. the layer is fully depleted.
10
 This causes a higher 
potential barrier at the surface, resulting in a higher resistance as compared to the case of a thicker 
film (SnO2 thickness = 4.0 nm). This is in agreement with a report on SnO2 films of different 
thickness deposited on α-Al2O3.
11
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Figure V.2. Resistance vs. temperature of the samples investigated. Uncoated nanotubes (circles), 
4.0 nm SnO2 coating (squares) and 3.0 nm SnO2 coating (triangles). 
 
II.2. Oxygen sensing tests 
To assess the applicability of SnO2@CNTs heterostructures for resistive chemical sensors, their O2 
sensing properties at low-mild temperatures were investigated first. SnO2@CNTs nanostructures 
have been already tested for the detection of CO,
12
 NO2,
13, 14
 NH3,
15
 formaldehyde
16
 and ethanol
17
 
but, to the best of our knowledge, no study on oxygen detection was reported before the present 
work.
8
 Oxygen sensors operating at low-mild temperature are important in applications for the 
control of combustion processes and also in food industry, for example. Moreover, the study of the 
interaction of oxygen with the surface of semiconducting materials is of primary importance 
because oxygen plays a key role in the sensing mechanism of metal oxide semiconductors towards 
various kinds of gases. The variation of resistance as a function of the oxygen concentration at 200 
°C is shown in Figure V.3a for a SnO2 coating of 3.0 nm. A typical linear trend, extending in all the 
range of investigated oxygen concentration, is observed. The dynamic performance of the sensor 
was measured under different concentrations of oxygen (Figure V.3b). The resistance of the sensor 
increases upon exposure to O2, whereas it decreases upon its removal. This behavior is in 
agreement with the phenomena already observed on SnO2 nanowires. Indeed, after annealing under 
inert atmosphere, during exposure to oxygen, a decrease of the nanowires conductivity was 
observed.
18
 In the present case, it is noteworthy that the response of the sensor was stable and 
reproducible for repeated testing cycles. Both the response and the recovery were fast at this 
operating temperature (200 °C). Although sensor responses were obtained down to 100 °C, the 
response/recovery times were longer. On the contrary, no response to oxygen was registered in the 
same conditions with the uncoated CNTs (not shown). 
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Figure V.3. a) Variation of the sensor resistance vs. oxygen concentration and b) transient response 
of the sensor made of SnO2-coated carbon nanotubes exposed to different concentration of oxygen 
at 200 °C. The coating thickness was 3.0 nm. 
 
The observed response to oxygen demonstrates that the SnO2 film behaves as a n-type 
semiconductor. Since the CNTs used in this work behave as p-type semiconductors (see typical p-
type semiconductor response to NO2 gas of uncoated CNTs, Figure V.5, section II.3)
19, 20
 a 
heterojunction is formed between the tin dioxide film and the CNT. In such a heterostructure two 
different depletion layers (and associated potential barriers) can coexist. The first depletion layer is 
located at the surface of the metal oxide film and the second one at the interface between CNTs and 
metal oxide films. While the first depletion layer is due to the adsorption of ionized oxygen at the 
surface of the SnO2 film, the second one is caused by the CNTs-SnO2 heterojunction. It appears, as 
also supported by the electrical response to O2, that its adsorption on the surface of the SnO2 film 
modifies the depth of the first depletion layer, which in turn alters the depletion layer at the p-
CNTs-n-SnO2 interface. This is further confirmed by the responses of the sensors with different 
SnO2 coating thicknesses (Figure V.4). 
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Figure V.4. Sensor response as a function of the oxygen concentration for the sensor made of 
SnO2-coated CNTs with thicknesses of 3.0 nm (circles) and 4.0 nm (squares). 
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The sample with the thinner SnO2 layer (3.0 nm) exhibits a higher response than the one with the 
thicker layer (4.0 nm). The increasing of the sensing performances with the decreasing of the 
coating thickness can be explained by the space-charge layer model.
21
 Generally, when the grain 
size is reduced down to the Debye length (Ld), the sensitivity increases.
10
 Since for SnO2 the Ld is 
about 3 nm,
10
 and hence, in the range of the thinner coating, the adsorbed oxygen molecules fully 
deplete electrons in the SnO2 film. As a result, a conduction barrier is built up, leading to the 
observed increase of the resistance. When the sensor is exposed to pure nitrogen, oxygen will be 
desorbed and then the extracted electrons will be released back with a high resistance variation. 
 
II.3. NO2 sensing tests 
The SnO2@CNTs nanostructures, in particular the sensor with 3.0 nm SnO2 film, were also 
investigated for monitoring NO2. As shown in Figure V.5, the presence of NO2 induces a decrease 
of the resistivity of the device made of uncoated CNTs. This behavior is characteristic of a p-type 
semiconductor and the bare CNTs present a sensitivity of ~1.1.
20
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Figure V.5. Transient response of the uncoated CNTs to 6.5 ppm of NO2 at 150 °C. A decrease of 
the resistance upon introduction of NO2 is observed with a sensitivity S ~ 1.1. 
 
Preliminary tests, aimed to find the optimal operating temperature of the sensor for NO2 
monitoring, were achieved. The highest sensor response, recorded between RT and 250 °C, was 
obtained at 150 °C with a sensor response S = 45 to 5 ppm NO2 (Figure V.6).  
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Figure V.6. Sensor response-temperature curve for the sensor made of 3.0 nm SnO2-coated CNTs 
to 5 ppm of NO2. 
 
Taking into consideration that:  
i) The uncoated CNTs-based sensor is much less sensitive to NO2, under the same 
experimental conditions,
19, 20
 
ii) Crystalline 2-3 nm sized SnO2 particles synthesized in solution, using a similar non-
aqueous sol-gel approach, show no sensitivity to NO2 up to 200 °C and a much lower sensitivity 
above 200 °C as compared to the CNTs-SnO2 heterostructures,
22
 
iii) A comparison with published results shows that NO2 detection at low concentration with 
sufficient sensitivity requires temperature higher than 200 °C or 1D nanostructure of the active 
material,
14, 23-28
 
it can be safely concluded that the peculiar heterostructure of the SnO2@CNTs sensor is 
responsible for the enhanced sensor response to NO2. Moreover, these findings support the 
proposed electrical model and the response of the sensor to O2 as discussed above. 
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Figure V.7. Transient response of the 3.0 nm SnO2-coated CNTs sensor to 5 ppm of NO2 at 200 
°C. 
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Figure V.8. Transient responses of the 3.0 nm SnO2@ CNTs to 5 ppm of NO2 at a) 150 and b) 100 
°C. 
 
Figures V.7 and V.8 show transient responses to 5 ppm of NO2 at various temperatures. The 
response at 200 °C is fast, reversible and reproducible (Figure V.7). The increase of resistance 
when the sensor is exposed to NO2 can be interpreted on the basis of the non-dissociative 
adsorption at the surface of n-type tin dioxide grains:  
NO2 (gas) + e
−→ NO2
-
 (ads)  
Subsequently, the concentration of electrons at the surface of the metal oxide decreases and the 
resistance increases accordingly. The response time, τres, defined as the time it takes for the 
resistance to decrease to 90% of the minimum resistance when NO2 is introduced into air, is 40 s. 
The recovery time, τrec, the time required for 90% increment in resistance when NO2 is turned off 
and pure dry air is reintroduced into the chamber, is 50 s. 
At lower temperatures, the response/recovery times observed are longer. To achieve complete 
signal recovery in a reasonable time at the optimal temperature of 150 °C, the sensor was exposed 
to NO2 pulses for a short-time period. Figure V.9 shows the response of the sensor exposed to 0.5-5 
ppm of NO2 for a period of 30 s. 
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Figure V.9. Transient response of the sensor made of 3.0 nm SnO2-coated CNTs, operating at 150 
°C, exposed to 0.5-5 ppm of NO2 for a period of 30 s. 
 
Although sensor responses were slightly lower compared to those achieved at the saturation 
exposure, NO2 at sub-ppm concentration was easily detected in just a few seconds. Moreover, in 
the range of the NO2 concentration investigated the sensor response shows a linear trend as a 
function of the NO2 concentration in a log-log plot (Figure V.10).  
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Figure V.10. Calibration curve of the of the 3.0 nm SnO2-coated CNTs sensor, operating at 150 
°C, exposed to 30 s pulses of NO2.  
 
The gas sensing characteristics of V2O4 films deposited on the same CNT support towards NO2 
were previously reported.
19, 20
 On the one hand, the SnO2 coated CNTs were found around two 
orders of magnitude more effective for sensing NO2. On the other hand, it turned out that a similar 
mechanism must be responsible for the detection of NO2 at such low temperatures. This confirms 
the key role of the metal oxide/CNT heterojunction in defining the sensor response of these 
composite materials. 
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II.4. Comparison with devices made of SnO2@CNT3000: case of NO2 sensing tests 
II.4.1. Electrical measurement of the different types of CNTs 
The resistivity of sensor devices made of CNTs was investigated as a function of the temperature 
and CNT type (i.e. CNT700, CNT1500 and CNT3000, Figure V.11). With the increase of the 
thermal treatment, a progressive decrease of the electric resistance of the CNTs was found. 
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Figure V.11. Electric resistivity of the as-received CNTs heat treated at various temperatures: 
CNT700 (squares), CNT1500 (triangles) and CNT3000 (circles). 
 
This difference in behavior is directly correlated to the increasing degree of graphitization of the 
carbon material, the presence of amorphous carbon and defects within the structure causing a 
decrease of conductivity.
29, 30
 
 
II.4.2. NO2 sensing tests of devices made of SnO2@CNT3000 
The SnO2@CNT3000 nanostructures, presented in Chapter IV, in particular the heterostructure 
presenting 3 nm SnO2 particles (cf. Figure V.13b), were investigated as NO2 sensor, in order to 
study the influence of the metal oxide morphology on the MOx@CNTs sensing properties. A 
decrease of the resistance of the sensing device is noticed in presence of NO2 (Figure V.12), which 
is characteristic to a p-type semiconductor behavior. The sensor presents a poor sensitivity close to 
the uncoated CNT3000 one. The coated CNT3000 device presents an opposite response to the 
sensor made of SnO2@CNT700.  
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Figure V.12. Transient response of the 3.0 nm SnO2-coated CNTs sensor to 5 ppm of NO2 at 200 
°C. 
 
II.4.3. Comparison of the sensing behavior as a function of the CNT support 
As mentioned in the Chapter IV, the ALD coating can be tuned as a function of the type of CNTs 
used. When CNT700 were coated, a granular but homogeneous and continuous SnO2 film along the 
whole tube length was obtained (Figure V.13a), while the ALD deposition on CNT3000 leads to 
the formation of rings wrapped around the CNTs (Figure V.13b).  
 
Figure V.13. TEM images of a) SnO2@CNT700 and b) SnO2@CNT3000. 
 
Measurements have shown strong differences in the behavior of the various nanostructures tested. 
The SnO2@CNT700 sensor responded to nitrogen dioxide with very high sensitivity (Figure V.7), 
whereas the response of the SnO2@CNT3000 sensor was very poor (Figure V.12). A n-type and p-
type semiconductor behavior was noted for the devices made of tin dioxide-coated CNT700 and 
CNT3000, respectively. The difference in response can be explained by the various junctions 
involved during the sensing mechanism and their influence on the electric path. Figure V.14a 
shows a picture of the sensor device electrodes on which coated CNTs were deposited (magnified 
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in Figure V.14b). As schematized in Figure V.14c, the network of the coated CNTs, randomly 
oriented over the electrodes, is responsible for the electric paths between the adjacent Pt electrodes. 
The deposited nanotubes on the device have numerous contacts among themselves, forming 
potential barriers at the crossing points, which can be modified by the presence of the metal oxide 
coating. From previous investigations, it was ascertained that MOx coating appears to be involved 
in the receptor function, while the CNTs provide mainly the electronic conduction path (transducer 
function).
13
 However, here it appears that the nature and morphological/microstructural 
characteristics of both coating and support also play a prominent role in addressing the sensor 
response. These characteristics determine the electrical transport properties thought the sensing 
layer, and in turns, affect the sensing properties. The difference in the SnO2 morphology causes a 
different modulation of electrical conduction through the sensing layer. SnO2 is considered n-type 
semiconductor, while CNTs demonstrates a p-type behavior. In the case of SnO2@CNT700, the 
SnO2 coating is continuous and electrical conduction is expected to occur through the CNT-MOx 
interface. This creates a p-n heterojunction of which the barrier height is modulated by NO2 
interaction with the n-type SnO2 layer. On the opposite, in case of the SnO2@CNT3000, due to the 
partial coverage of the nanotubes, the electrical conduction flows mainly through the CNT-CNT 
contact, resulting in a p-type response.  
 
Figure V.14. a) picture of the sensor device with coated CNTs, b) SEM image at low 
magnification of the deposited CNTs on the interdigited Pt electrodes and c) schematic of the 
network formed by the CNTs on the gas sensor device. 
 
The difference in the sensor responses observed as a function of the coating morphology is 
comparable to the behavior of the ZnO@CNTs photodetector observed by Lin et al.
31
 Indeed, the 
role of the thickness and nanostructure of the deposited material on the properties of p-n 
heterojunction was demonstrated by coating CNTs (p-type) with ZnO (n-type) by ALD. ZnO 
crystalline nanoparticles are deposited forming a partial or full coating of the CNTs. The thus-
fabricated photodetector devices exhibit a semiconducting p-type character when the coating is 
incomplete and a n-type character for a continuous coating. This was attributed to the different 
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nature of charge carriers, holes for the first and electrons for the latter case. In the present case, the 
modulation is realized through the metal oxide morphology determined by the type of support 
instead of the number of cycles applied.  
 
 
III. Extension to TiO2@CNTs and ZnO@CNTs nanostructures: preliminary results 
 
The application to NO2 and O2 monitoring of TiO2@CNTs and ZnO@CNTs heterostructures, 
introduced in the Chapter IV, is presented in this section as well as the electrical properties of the 
sensors as a function of the metal oxide thickness and the CNT type. 
 
III.1. Electrical properties of the MOx@CNTs devices 
The electric resistance of thick films made of either pure CNTs or CNTs coated with 3.5 nm TiO2, 
as a function of the operating temperature, was investigated to acquire a reference and baseline for 
the subsequent measurements. The resistance of CNTs coated with ZnO was studied as a function 
of the coating thickness and CNT type.  
In Figure V.15a, the resistance of both CNTs and TiO2@CNTs, recorded from 45 °C to 200 °C, 
decreases with the temperature increase, indicating a semiconductor behavior. Moreover, a much 
higher resistance of 10
3
-10
4
 ohm is observed in case of 3.5 nm TiO2-coated CNTs compared to the 
uncoated carbon material (50-150 ohm). Nevertheless, when compared with the resistance value of 
a device made of a titania nanoparticle-based film, in the range of mega ohm, due to the insulating 
character of the metal oxide, the heterostructure displays a significantly lower resistance value. 
This behavior can be attributed to the very low thickness of the film and high conductivity of the 
CNTs, which provide a privileged conduction path.
9
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Figure V.15. a) Electric resistance of pure CNT700 (full circles) and TiO2@CNT700 (full squares) 
vs. the operating temperature. b) Electric resistance of ZnO@CNT700 (full squares) and 
ZnO@CNT3000 (full circles) as a function of the ZnO thickness. 
 
Depending on the CNT type used as a support, different evolutions of the resistance as a function 
of the ZnO thickness are observed (Figure V.15b). The increase of the ZnO layer on CNT700 leads 
to a decrease of the resistance, in respect to the CNT resistance, while an increase is noticed in case 
of CNT3000. This phenomenon confirms that the electrical conduction through the sensing layer is 
due to the potential barrier at the crossing points, which is modified in the presence of the metal 
oxide coating. Actually, in case of the CNT3000, at the crossing points, junctions between 
CNT/CNT, CNT-ZnO/ZnO-CNT and CNT/ZnO-CNT coexist, while in case of CNT700, the 
junctions are expected to be mainly CNT-ZnO/ZnO-CNT. In the first case, the increasing thickness 
therefore leads to an augmentation of the number of the contact points between CNT-ZnO/ZnO-
CNT and CNT/ZnO-CNT, having a higher potential barrier than CNT/CNT, which causes an 
increase of resistance. 
 
III.2. Preliminary results on gas sensing experiments 
III.2.1. TiO2@CNT700 sensor devices 
The sensing properties of CNT700 coated with a 3.5 nm thick TiO2 layer towards NO2 were 
investigated as a function of the temperature. Because an unexpected p-type semiconductor 
response was observed, the sensor was subsequently applied to O2 monitoring.
9
 
 
III.2.2.1. NO2 gas sensing tests 
Preliminary experiments were realized on the 3.5 nm thick TiO2 coated CNT700 device to 
determine the optimal working temperature. The sensor response reveals to be strongly influenced 
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by the operating temperature. A detectable response to 5 ppm of NO2 starts from near ambient 
temperature (40 °C) and the response increases with the temperature, showing a maximum in the 
range of 100-150 °C before it decreases. The transient response to 5 ppm of NO2 at 150 °C (Figure 
V.16a) shows a decrease of the resistance of the sensor in presence of the target gas. The observed 
response corresponds to a p-type semiconductor behavior. Both response and recovery times, i.e. 
τred and τrec, of the sensor, presented Figure V.16b, decrease as the function of the operating 
temperature. Moreover the response is faster than the recovery and even at near room temperature, 
the device responses in less than 4 minutes. The influence of the TiO2 thickness on the gas response 
and the influence of its morphology are currently under investigation using TiO2-coated differently 
treated CNTs (i.e. CNT700, CNT1500, CNT3000 and CNT700D) as sensor devices.  
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Figure V.16. a) Transient response of TiO2@CNTs sensor at 150 °C to 5 ppm of NO2 gas, b) 
response (squares) and recovery times (circles) of the sensor to 5 ppm of NO2 gas as a function of 
the operating temperature. 
 
The NO2 sensing response of the TiO2@CNTs material demonstrates a p-type semiconductor 
behavior. As NO2 behaves as an oxidizing or reducing agent, depending on the temperature and 
concentration,
32
 a misinterpretation of the results can occur. Therefore, in order to prove the p-type 
conductivity of the sensing layer, further experiments were performed with oxygen as target gas. 
 
III.2.1.2 O2 gas sensing tests  
As in case of nitrogen dioxide, in presence of oxygen a decrease of the sensor device resistance 
occurs (Figure V.17). Two hypotheses can be considered to explain the observed behavior with the 
TiO2@CNTs heterostructure. 
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Figure V.17. Transient response of the TiO2@CNTs gas sensor to 20% O2 in nitrogen, at 150 °C. 
 
On the one hand, one can consider that pure titania films in the anatase phase are generally 
considered n-type semiconductors, while only few reports demonstrated a p-type behavior.
33
 
Therefore, the presence of carbon nanotubes could favor the n- to p-type transition. Bittencourt et 
al.
34
 reported that MWCNTs/WO3 films behave either as p-type or n-type semiconductors, 
depending on the loading of carbon nanotubes dispersed into the WO3 matrix. Sanchez et al.
35
 
found a reversed TixOy → adsorbate direction for the charge transfer in the interaction of NH3 with 
TiO2@CNTs, which is expected to decrease the resistance with electron-acceptor adsorbates, as 
observed with the present TiO2@CNTs material in presence of NO2 or oxygen. On the other hand, 
the behavior of TiO2@CNTs structure can also be related to the very low thickness of the titania 
layer. Indeed, as shown with the sensors made of SnO2@CNTs, the thickness and morphology of 
the metal oxide plays a fundamental role in the response type by modulating the energy barrier 
involved in the sensing and the electrical conduction. The experiments with different TiO2 
thicknesses and various CNT types, which are currently being carried out, will probably shed light 
on the involved sensing mechanism. 
 
III.2.2. ZnO@CNT sensor devices – NO2 sensing tests 
Finally the heterostructures made of ZnO-deposited onto the different CNT types were investigated 
as nitrogen dioxide sensors to study the potential influence of the carbon support and metal oxide 
morphology on the sensing properties. 
In order to test the sensitivity of the ZnO@CNT700 sensors towards nitrogen dioxide, the 
responses as a function of the operating temperature of the devices made of CNT700, 6 nm and 15 
nm ZnO–coated CNT700 were recorded (Figure V.18). The three sensors present a very weak 
response to the target gas, suggesting a little sensitivity of the zinc oxide deposited on CNTs, even 
though structured ZnO already appears to be suitable for monitoring NO2.
7, 36, 37
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Figure V.18. Responses of the sensors made of uncoated CNT700 (triangles), 6 nm ZnO-coated 
CNT700 (circles) and 15 nm ZnO-coated CNT700 (squares) to 8 ppm of NO2 as a function of the 
operating temperature. 
 
This observation seems to be confirmed by the results obtained with the ZnO@CNT1500 and 
ZnO@CNT3000 sensors. Figure V.19 shows the transient responses of the CNT1500 and 6 nm 
ZnO@CNT1500 to 8 ppm of NO2 at 150 °C. Actually, a poor sensitivity is observed for all the 
ZnO@CNTs-based sensors, independent of the metal oxide thickness and CNT type. The recorded 
sensitivity of these devices is of the same order as the one of the CNT support.  
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Figure V.19. Transient responses to 8 ppm of NO2 at 150 °C of a) the CNT1500 sensor and b) 6 
nm ZnO-coated CNT1500. 
 
 
IV. Sensing mechanism with MOx@CNTs nanostructures 
 
Considering the literature,
3, 38
 mainly on core-shell materials-
13, 20, 39-42
 and nanowires-
25, 36
 based 
gas sensor 
42
and the obtained results, the p-n heterojunction formed between the n-type metal oxide 
and the p-type carbon nanotubes plays an important role in the sensing mechanism of MOx-coated 
CNTs heterostructures. First of all, the sensing response is based on interactions of the target gas 
Chapter V. MOx@CNTs heterostructures in gas sensing  
162 
with the surface of the sensing material. Based on this, the metal oxide is considered to be involved 
in the receptor function and the CNTs provide mainly the electronic conduction path.
13
 As depicted 
in Figure V.20, a depletion region exists at the heterojunction of the MOx shell and the tube and a 
junction is created between two coated CNTs at the networking point, creating an additional 
potential barrier. When an oxidizing target gas, such as NO2, adsorbs on the surface of the metal 
oxide, a new depletion region is created at the surface of the shell. Indeed, the adsorbed NO2 
extracts electrons from the metal oxide modifying the width of the depletion layer at the surface of 
the metal oxide. This can alter the depletion layer at the n-MOx/p-CNT junction and therefore 
modify the whole resistance of heterostructured sensor. Moreover, when the metal oxide shell 
presents a thickness inferior or equal to its Debye length, its surface is fully depleted by the gas 
adsorption which in turn strongly modifies the heterojunction layer. An enhanced sensitivity is 
therefore observed. 
 
Figure V.20. Schematic illustration of the junctions involved in the sensing mechanism of the 3D 
structured MOx@CNTs gas sensor. b) depicts the junction existing between the tubes of the 
networking at their crossing points, as shown by the dotted square in a), as well as the different 
depletion regions existing as a function of the presence of the target gas. 
 
Taken from reference
13
, Figure V.21 shows the changes in height of the different potential barriers 
occurring in presence of NO2, d1 (d2) and d3 (d4) correspond to the width of both depletion layers, 
i.e. at the SnO2 surface and SnO2/CNTs interface, respectively, before (after) NO2 adsorption. The 
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formation and height of the energy barrier is determined by the metal oxide morphology, e.g. layer 
compactness, thickness and degree of coverage, and the CNT characteristics. 
 
Figure V.21. Model of a potential barrier to electronic conduction at grain boundary for hybrid 
SWCNTs/SnO2 sensors. (NO
−
 species may be formed in the reaction: NO2 + O
− → NO− + O2). 
Taken from Ref.
13
. 
 
 
V. Conclusions 
 
The electrical and sensing characteristics of chemoresistive devices based on MOx-coated CNTs 
heterostructures, deposited onto alumina substrates and provided with interdigitated electrodes, 
were investigated. The electrical characteristics of the samples can be understood in terms of a 
space–charge layer model. Sensing tests revealed that, unlike the bare CNTs, the resistance of a 
device made of SnO2-coated CNTs is remarkably altered by its exposure to O2 and to low 
concentrations of NO2. Due to the formation of a p-n heterojunction between the p-type conductive 
CNTs and the n-type thin film, an enhancement of the gas-sensing response was observed. This 
synergetic effect, caused by the interaction of film and support, enables the detection of sub-ppm 
concentrations of NO2 at low temperature (150 ºC) in just few seconds. The proportion to which 
this effect determines the sensing properties highly depends on the film thickness and morphology. 
Therefore, the highest sensitivity and sensor response is obtained for a film of which the thickness 
is in the range of the respective Debye length, and a continuous and conformal coating.  
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The 3.5 nm TiO2-coated CNTs sensor has shown unprecedented p-type responsiveness. Hypotheses 
have been formulated in order to explain the p-type conductivity and the sensing behavior towards 
NO2 and O2. Further studies are currently under investigation in order to either infirm or confirm 
the formulated hypotheses. The ZnO-coated CNTs, independent of the metal oxide thickness and 
type of CNTs used, did not show significant responsiveness to NO2.  
Among all the sensors tested, the SnO2@CNT700 based sensor has shown the most promising 
performance. Indeed, its detection limit is below 0.5 ppm NO2, leading to a potential future 
application as an environmental nitrogen dioxide sensor. 
Finally, since ALD permits a unique control of thin film deposition it also allows to modulate the 
performances of gas sensors as they are closely related to the thickness and the nanostructure of the 
active material. Therefore, the heterostructures fabricated with the CNT1500 and CNT3000 
substrates, introduced in Chapter IV, are currently investigated as gas sensors. Only some 
preliminary results have been presented in this chapter. 
 
 
VI. Experimental part 
 
Preparation of the heterostructures 
The procedure used to prepare the MOx@CNTs was previously reported in detail in Chapter IV. 
Briefly, functionalized commercial CNTs (Pyrograf product), differently heat treated, were coated 
with SnO2, TiO2 or ZnO by ALD. CNTs treated at 700 °C, 1500 °C and 3000 °C were respectively 
labeled CNT700, CNT1500 and CNT3000, after their functionalization with concentrated nitric 
acid. The ALD depositions took place at either at 200 °C in the case of SnO2 and TiO2 or at 100 °C 
in the case of ZnO. Titanium isoproxide and tin tert-butoxide reacting with acetic acid and diethyl 
zinc reacting with water were used as precursors. The tin dioxide-coated CNT700 and CNT3000, 
titanium dioxide-coated CNT700 and zinc oxide-coated CNT700, CNT1500 and CNT3000 were 
investigated as gas sensors. The metal oxide thickness was previously determined by TEM (cf. 
Chapter IV).  
 
Gas sensing experiments 
The home-made sensing device used for testing consists of an alumina substrate with Pt 
interdigitated electrodes on one, and a Pt heater on the other side. The spacing between the Pt 
electrodes measures 200 microns. The active sensing layer was deposited by screen printing of an 
aqueous suspension with the coated nanotubes. Gas sensing tests were carried out inside a 
stainless-steel chamber under controlled atmosphere using an adapter as shown in Figure V.22. 
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Mass flow controllers were used to adjust desired concentrations of target gases in dry air. 
Electrical and sensing measurements were carried out in the temperature range from room 
temperature to 250 °C, with steps of 50 °C under a dry nitrogen/air total flow of 50 sccm. The 
sensor response was measured as change in resistance in four point mode using an Agilent 34970A 
multimeter. An Agilent E3632A dual-channel power supply was used for the heater of the sensor. 
The sensors were tested for monitoring O2 and NO2.  
 
Figure V.22. Picture of the sensor device. 
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Conclusion 
 
 
In this thesis, the elaboration of functional heterostructures, using atomic layer deposition, their 
advanced characterization and investigation of their physical properties have been presented. Based 
on the reaction between a metal alkoxide and a carboxylic acid, the unconventional non-aqueous 
approach to ALD was applied and further extended. In the first stage, the main efforts were devoted 
to demonstrate its versatility and to extend it to the deposition of SnO2. Further, particular attention 
was given to the controlled coating of carbon nanotubes and their application as chemoresistive gas 
sensors. 
In chapter II, a novel SnO2 deposition was developed by reacting tin(IV) tert-butoxide with acetic 
acid. Low or moderate temperature depositions were achieved offering the possibility to coat 
thermal and/or moisture sensitive substrates. These findings pave the way to the elaboration of 
innovative heterostructured materials. The as-prepared films are almost free of carbon. Due to the 
particular growth, conformal granular thin films were deposited on various supports. Indeed, the 
SnO2 films consist of well defined 2-3 nm sized-nanoparticles homogeneously dispersed on the 
substrate. Furthermore, this approach allows the homogeneous coating of the inner and outer walls 
of carbon nanotubes.  
In order to prove the suitability of our non-aqueous ALD approach for the coating of high aspect 
ratio materials, the controlled infiltration of silica opals was realized. Langmuir-Blodgett 
elaborated opals were coated with titanium dioxide using a 1.2 nm deposition step in Chapter III. 
The investigation of their optical properties, i.e. the modification of the pseudo photonic band gap 
of the coated SiO2 opals, at each infiltration step, was used to monitor the accuracy of the ALD 
deposition. The good agreement between experimental and simulated absorption spectra 
demonstrates the robustness of the approach using carboxylic acid as oxygen source. 
Therefore our approach has been implemented to the fabrication of functional metal oxide-coated 
carbon nanotubes (Chapter IV). The homogeneous and accurate coating of the inner and outer 
walls of stacked-cups CNTs, functionalized by conventional nitric acid treatment, has been realized 
with metal oxides such as titanium-, tin- and zinc oxide, the latter was deposited from a 
conventional aqueous ALD route. Defects and/or functional surface groups, acting as anchoring 
sites, are required for the film growth initiation. Indeed, the highly graphitic ends of the tubes 
remained uncoated because of their chemical inertness. Based on these observations, a certain 
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degree of “defect engineering” is necessary for the elaboration of CNT-based nanomaterials. 
Controlled tailoring of the type, degree and density of functionalization of the CNT surface would 
therefore allow to tune the coating from selectively decorated up to fully coated CNTs. The degree 
of the tube graphitization strongly influences the impact of the acidic functionalization, at first, our 
ALD approach has been used to specifically label the anchoring sites on differently thermally and 
chemically pre-treated carbon nanotubes. ALD combined with high resolution electron microscopy 
techniques has been proven to be a powerful tool for characterizing the surface functionality of 
CNTs. One can foresee the extension of such an approach to other carbon-based nanostructures 
(e.g. graphene, carbon fibers, etc.). On the other hand, this is certainly of interest for application 
directed design of functional carbon-based nanostructures. Based on the tailored CNT 
functionalization, metal oxide-coated CNTs have been elaborated with a highly controlled MOx 
morphology.  
The elaborated MOx@CNTs materials have been tested as active components in gas sensing 
devices (Chapter V). Responses to O2 and NO2 at different concentrations and sensor temperatures 
were investigated. The formation of a p-n heterojunction between the n-type tin dioxide and the p-
type conductive CNT support leads to an enhancement of the gas sensing response. Because of the 
synergic effect caused by the interaction of film and support, the SnO2@CNT-based sensor shows a 
sub-ppm detection limit of nitrogen dioxide at low temperature, i.e. 150 °C. This is promising for 
future environmental sensor development. The influence of the p-n junction on the gas sensing 
properties can be modulated by the thickness, density and morphology of the metal oxide shell. 
Indeed, changing the degree of coverage of CNTs from fully to partially coated, an evolution from 
n-type to p-type sensing behavior has been foreseen. Additional MOx@CNTs-based sensors with 
the different types of CNTs, metal oxide morphology and thicknesses are currently investigated. 
Interesting responses towards NO2 and O2 have been obtained using TiO2@CNTs-based sensor. Its 
observed p-type behavior can be explained by either the very low thickness of the coating or the n 
to p-type transition of TiO2, favored by the interaction with CNTs. We expect that the experiments 
currently carried out with different thicknesses of the oxide film will fully elucidate the sensing 
mechanism involved. Finally, the work using the relation between the acid functionalization 
efficiency and the degree of graphitization as an approach for tailoring the ALD coating paves the 
way to a new methodology for the design of functional carbon-based materials. For example, a 
preliminary work has been realized on the graphitization and ALD coating of electrospun carbon 
fibers to enhance electrocatalyst activity and stability. The first results are presented in the 
following Perspective work section. 
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Perspective work 
 
Use of the defect engineering of CFs to enhance electrocatalyst 
activity and stability  
 
 
Particular attention is devoted to the development and improvement of fuel cell catalysts. The use 
of ALD for preparing such catalysts is discussed in Chapter I, section IV.2. Pt-based 
electrocatalysts have proven to be the most promising catalysts for alcohol oxidation.
1, 2
 However, 
during the methanol electro-oxidation, occurring at the anode, additionally to the CO2 by-product, 
CO is also formed, causing a poisoning of the Pt catalyst. Indeed, the carbon monoxide gets 
strongly adsorbed on the platinum sites, drastically decreasing the catalytic activity. Therefore, 
efforts have been devoted to avoid this poisoning and stabilize the Pt particles. Two approaches 
have been considered: On the one hand, Pt nanoparticles have been mixed with other noble metals 
such as Ru, Pd, known to oxidize the CO into CO2. On the other hand, metal oxides can be added 
to the electrocatalyst, SnO2 being the most common metal oxide combined with the Pt particles due 
to the following reasons: 
i) SnO2 adsorbs oxygen species promoting the CO oxidation; the platinum can be liberated from 
the carbon monoxide avoiding its poisoning and therefore the diminution of its electrocatalytic 
activity.
3
 One of the possible routes in which SnO2 promotes regeneration of Pt active surface with 
absorbed OH is the following bifunctional mechanism:
4
  
SnO2 + OH
-
 → SnO2 OHads + e
-
 
Pt(CO)ads + OH
-
 → Pt + CO2 + H2O + e
-
  
ii) SnO2 brings a stabilizing component toward the sintering of the Pt nanoparticles dispersed on 
conventional carbon black supports. This stabilization effect is also sought after by employing 
other metal oxide such as aluminum oxide,
5
 or titanium oxide.
1
 
One of the possible drawbacks of such overcoating is the potential coverage of Pt active surface. 
Recently, Lu et al.
6
 published the use of Al2O3 ALD to stabilize the Pd particles without blocking 
the active sites. After investigation, they reported the formation of film porosity with the thermal 
treatment, enabling the access to the Pd sites. 
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Finally, the corrosion of the Pt support is another important concern for the electrocatalyst 
performance. Although carbon-supported Pt particles are widely used due to the high surface area 
and good electrical properties of the carbon support, the latter presents a thermodynamic instability 
with the electrochemical potential.
1
 Particular attention is devoted to improving the corrosion 
resistance of these electrocatalyst supports using a passivating layer for instance. 
 
Based on the statement that the degree of graphitization of the carbon material strongly influences 
the ALD growth, the pre-heat-treatment of electrospun carbon fibers (CF) was investigated in order 
to tune their SnO2 and TiO2 ALD coating. Pt nanoparticles were homogeneously dispersed onto the 
treated carbon fibers followed by the metal oxide ALD coating. This work is the fruit of 
collaboration with Dr. Sara Cavaliere, at the University of Montpellier II, France. The preparation 
of carbon fibers by electrospinning, Pt deposition and electrocatalytic measurements have been 
performed in Montpellier, while ALD depositions as well as calcinations at 1500 °C and 
characterizations have been done in Aveiro. 
The preliminary results obtained on the elaboration of the modified electrocatalysts will be briefly 
presented here, to highlight the potential impact of the present PhD work. Non-exhaustive details 
will be given. The differently treated fibers will be first introduced before the electrocatalytic 
properties of the Pt-based catalysts. 
 
Heat treatment of the carbon fibers 
The CFs consist of electrospun polyacrylonitrile fibers stabilized at 280 °C and carbonized under 
inter atmosphere at 700 °C, 1000 °C or 1500 °C. The thermal treatment leads to the increase of the 
graphitization, as shown by the Raman spectra (Figure P.1). Actually, according to the       ratio, 
after the treatment at 1500 °C the obtained graphitization is similar to that of the CNT1500 
discussed in Chapter IV.
7
 The table P.1 summarizes the       ratio obtained for the differently 
treated fibers and tubes. For sake of clarity, the carbon fibers heat-treated at 700, 1000 and 1500 °C 
are labeled CF-700, CF-1000 and CF-1500 respectively. 
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Figure P.1. Raman spectra of the treated carbon fibers at 700, 1000 and 1500 °C. 
 
Table P.1. D/G ratios calculated from Raman spectra. 
Tcarbonization       CNTs       
700 °C 2.2 CNT700 3.6 
1000 °C 1.7 CNT1500 1 
1500 °C 0.9 CNT3000 ~0 
 
The in plane electrical conductivity of a fiber pellet, as a function of the temperature, was measured 
by using an in-house conductivity cell with the conventional four probe method and Van der Paw 
calculations,
3
 for the fibers CF-700 and CF-1000. A semiconductor behavior is observed in both 
cases and a drastic increase of the conductivity is noticed between the treatment at 700 °C and 1000 
°C, as shown in Figure P.2. Actually, the CF-1000 conductivity is comparable or even higher than 
that of the carbon black Vulcan XC-72, a widely used electrocatalyst support, showing a metallic 
behavior, taken as reference. 
The heat-treatment might induce a decrease of the specific surface area, therefore N2 
adsorption/desorption measurements are currently carried out in order to determine the best 
compromise between the surface area and the electrical properties of the fibers. 
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Figure P.2. Electrical conductivity of the fibers treated at 1000 °C (squares) and of the carbon 
black Vulcan XC-72 (circles) and, in inset, the conductivity of the fibers treated at 700 °C are 
presented. 
 
Characterization of the carbon fibers-supported Pt nanoparticles 
After the CF thermal treatment, Pt nanoparticles were deposited onto the fibers by the conventional 
polyol method.
4
 A loading of 20 % was aimed, although at the moment an uncertainty remains on 
the effective Pt loading on the CF-1500. The degree of graphitization might have an influence not 
only on the ALD coating but also on the efficiency of the platinum deposition and on the overall 
electrochemical behavior. The TEM investigation (Figure P.3) reveals a homogeneous dispersion 
of 3 nm-sized nanoparticles over the fibers. A size distribution centered at 2.5 ± 0.7 nm was 
observed, while a particle size of 4 nm was determined by XRD.  
 
Figure P.3. TEM images of Pt nanoparticles deposited on the carbon fibers a) CF-700 and b) CF-
1000.  
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The stability of the electrocatalyst, after its deposition on the working electrode, has been 
investigated by cyclic voltammetry (CV) in degassed HClO4. Figure P.4 reports the relative 
decrease of the active surface area determined from the hydrogen adsorption/desorption as a 
function of the CV cycles. Unlike Pt/CF-700 and Pt/CF-1000, the electrochemical surface area of 
the catalyst Pt deposited on CF-1500 does not show a drastic diminution after 1000 cycles. An 
improvement of the stability occurs then with the graphitic character of the fiber support. 
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Figure P.4. Electrochemical surface area as a function of the number of CV cycles and the 
calcination temperature: 700 °C (full circles), 1000 °C (full squares) and 1500 °C (full triangles).  
 
ALD coating of the Pt/CFs electrocatalysts 
In order to increase the stability and the performance of the Pt/CFs, TiO2 and SnO2 ALD have been 
carried out on the different electrocatalysts, with diverse cycle numbers. The two home-made ALD 
tools presented in Chapter I have been used for this purpose. Briefly, the SnO2 deposition took 
place at 200 °C in the exposure mode home-made ALD tool described in Figure I.13, following the 
process presented in Chapter II. The Pt/CFs material was hold inside the reactor with a “tea bag” 
made of a Kevlar mat. The number of cycles was set to either 30 or 15. 
The TiO2 deposition took place at 200 °C in the continuous flow mode home-made ALD tool 
described in Figure I.14. The sample powder was held in a rectangular crucible covered with a 
stainless steel filter allowing the precursor diffusion, while keeping the material in place. Titanium 
isopropoxide and acetic acid were used as metal and oxygen precursors, respectively. The metal 
and carboxylic acid were delivered to the chamber through ALD pneumatic valves. Pure nitrogen 
was used as the carrier gas with a constant flow of 100 sccm. The deposition parameters were 2 s 
(10 s) for the acid (alkoxide) pulses and the purge time was 20 s. Considering a GPC of 0.15 Å per 
cycle, either 50 or 100 cycles were realized. 
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To avoid the blocking of the active Pt sites and the addition of a resistive component, very low 
thicknesses of metal oxide are sought after. Therefore MOx thicknesses of less than 2 nm were 
targeted. The number of cycles has been set to deposit either ~0.5 or ~1 nm thick films. As 
observed with the CNT700 and CNT1500, a growth of either a continuous film or dispersed 
particles is expected to occur as a function of the CF graphitization.  
 
The electrocatalytic activity of the heterostructures toward methanol electro-oxidation and oxygen 
reduction reactions has been investigated. Because the ORR experiments (not presented) were not 
conclusive up to now, only the study on the MOR for which encouraging findings have been 
obtained, is presented. 
 
Application of the electrocatalysts to the methanol electro-oxidation 
The electrocatalytic activity toward methanol oxidation of the CF-700 (CF-1500)-supported Pt 
heterostructures coated with either 15 (30) SnO2 or 100 TiO2 (50) cycles was investigated. For each 
CF calcination temperature, the electrocatalysts, for which the CV curves are presented in Figure 
P.5, were prepared from the same batch of Pt/CFs as well as the same electrode surface (0.196 cm
2
) 
and mass of materials were used, allowing a direct comparison of the catalysts as a function of the 
carbon support. The catalyst ink was prepared by mixing the appropriate amount of Pt catalyst (5 
mg) with deionized water, ethanol and a 5%wt aqueous/alcoholic solution of Nafion. A 6 µl ink 
portion was pipetted onto the working electrode.  
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Figure P.5. Cyclic voltammogramms of the Pt/CFs (black lines), SnO2/Pt/CFs (dark grey lines) 
and TiO2/Pt/CFs (light grey lines) using as support a) CF-700 and b) CF-1500. CV curves were 
recorded in 0.5 M H2SO4 containing 1 M CH3OH with a sweep rate of 50 mV.s
-1
, using a saturated 
calomel electrode (SCE) as reference. 
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On each curve, in the forward scan, the noted sharp peak at low potential (~-0.25 V) is attributed to 
hydrogen desorption while the symmetric anodic peak around 0.7 V is assigned to the methanol 
electro-oxidation. In the backward scan, the presence of an asymmetric anodic peak is attributable 
to the oxidation of remaining incompletely oxidized carbonaceous species.
8, 9
 
In the case of CF-700 used as carbon support, the presence of tin dioxide did not affect the current 
but did bring a catalytic effect compared to the Pt/CF-700. Indeed, in the forward scan, the 
symmetric anodic peak center at 0.71 V in case of Pt/CF-700 shifts at 0.66 V when the 
electrocatalyst is coated with SnO2. Similar observation is noted with the asymmetric anodic peak 
in the backward scan (Figure P.5a and Table P.2). The lowering potential is attributed to a 
reduction of the energy barrier and therefore to an increase of the electrocatalytic activity due to 
SnO2. On the contrary, the deposition of titanium dioxide led to a drop of current, the overpotential 
remaining identical to that of the uncoated catalyst. Two hypotheses can be formulated to explain 
this phenomenon. By its non-conductive nature, TiO2 bring a resistive component thickness-
dependent, which is responsible of a current lowering. On the other hand, the coverage of Pt 
particles by the metal oxide reduces the active surface area and leads to a decrease of the current. 
Both of these effects can be conjugated. HRTEM and STEM characterizations are under 
investigation in order to determine whether or not the Pt sites are blocked by TiO2.  
Similar trends have been observed with the CF1500-supported catalysts. A lower overpotential and 
furthermore higher currents were observed with the SnO2 coating (despite the non-conducting 
nature of the deposited oxide layer), while the opposite behavior occurred when coated with TiO2 
(Figure P.5b and Table P.2). These results confirm the positive effect of SnO2 on the methanol 
oxidation reaction. With the formation of tin dioxide particles being expected, a synergic effect
5
 
probably arises from the proximity of the Pt and SnO2 nanoparticles.  
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Table P.2. Comparison of the performance of the different electrocatalysts as a function of the 
ALD coating and the heat treatment of CFs. Ef and Eb correspond to the peak potential and If and Ib 
to the peak current of the forward and backward scans, respectively. 
Electrocatalyst 
Forward scan Backward scan 
Ef (V) If (mA) Eb (V) Ib (mA) 
Pt/CF-700 0.71 1.07 0.52 1.01 
30-SnO2/Pt/CF-700 0.66 1.01 0.49 0.97 
100-TiO2/Pt/CF-700 0.71 0.74 0.49 0.53 
Pt/CF-1500 0.67 0.39 0.38 0.06 
15-SnO2/Pt/CF-1500 0.65 0.46 0.36 0.10 
50-TiO2/Pt/CF-1500 0.66 0.30 0.35 0.01 
 
In conclusion, this section aimed to demonstrate the applicability of the work realized on tailoring 
CNTs coating to other carbon-based material. The controlled surface graphitization of carbon fibers 
was briefly introduced as a pathway to control the ALD coating, which allows the enhancement of 
the electrocatalyst activity. The influence of thermal treatment on the CFs on the intrinsic 
properties of the Pt/CFs catalysts (i.e. conductivity and stability) has been demonstrated. 
Encouraging findings have been highlighted. Indeed, an increase of the catalytic activity toward the 
methanol oxidation reaction by the coating of Pt/CF with ALD SnO2 has been noticed, the ALD-
deposited tin dioxide helping to release the Pt from the adsorbed CO, decreasing the catalyst 
poisoning. 
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